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AN APPROACH 1 1 D .  METAL FA'ITGUE 
By: F. B. Stulen, J. H.  Redfern, 
and W.  C. Schulte 
Curtiss-Wright  Corporation 
Curtiss  Division 
SUMMARY 
This  investigation  was  undertaken to establish  qualitatively  and 
quantitatively  some  of  those  factors  that  are of primary  importance  in  the 
fatigue  of  metals.  For  this  investigation,  the  material  used was titanium 
8 Al - 1 Mo - 1 V alloy  sheet  in  the  Triplex-Annealed  condition.  This 
research  program was limited  to  investigating  three  phases: (1) the 
fatigue  limit  associated  with a crack; (2) the  rate  of  crack  propagation; 
and (3 )  the  stress  interaction  effect,  or  the  delay-cycle  effect. 
Each  of  these  effects  is  described  by  one  or  more  proposed  formulas, 
and  the  parameters  associated  with  each  were  obtained  by  standard  statis- 
tical  methods.  The  rms-error  between  the  test  data  and  the  corresponding 
computed  values was employed  as a measure of the  goodness-of-fit  of  the 
proposed  formulas.  Reasonably  good  fits  were  obtained  between  the  test 
data  and  some  of  the  proposed  relations. 
A cumulative  fatigue  damage  relation  has  been  developed  based  on  these 
findings. 
INTRODUC!tTON 
In the  analysis  of  fatigue  damage  of  structures  and  machines,  many 
empirical  rules  have  been  suggested.  Some  of  these  suggested  treatments 
of the  fatigue  damage  problem  do  not  take  into  account  the  factors  of  crack 
initiation,  crack  propagation,  the  influence  of  notches  and  other  types  of 
discontinuities,  stress  interaction  and  the  changing  fatigue  limit  as  the 
crack  progresses. In the  present  investigation, an attempt  has  been  made 
to develop  an  approach to the  metal  fatigue  problem  in  which  some  of  these 
factors  that  bear on the total problem are considered. 
Although in the  analysis of cumulative fatigue. damsge of structures 
and machines, the empirical linear rule (Palmgren-Miner hypothesis) is 
often conservative, several investigators (l), (2), in recent years have 
found t h a t   t h i s  simple rule may be very unconservative under certain load- 
ing conditions. For example, Schijve (3) states "The  PsLngren-Miner rule 
is unreliable for judging whether a certain  type of service  load w i l l  
contribute  substantially  to damage induced by other  types of loadings". 
In some recent investigations the fatigue l i fe  has.been overestimated by 
a factor of 5 or more by the l inear rule. Although the l inear rule is a 
very simple method for  the  estimation of fa t igue   l i fe  of a structural  
element or machine component, and is currently used by many designers for 
preliminary estimates of fatigue life, there are no precise rules for 
computing the convervatism or unconservatism of the l inear rule.  (There 
are, however, several qualitative explanations for these errors). 
Numerous other theories and corresponding formulas have been pro- 
posed for  more precise assessment of cumulative fatigue damage. Grover 
(4) i n  a review of these stated tha t  most relations have one or more of 
the following limitations: (1) no physical mechanism is clearly defined, 
(2) too many experimental data are required, and (3) mathematical calcula- 
t ions are cumbersome. 
Considerable effor t  (5) has been sponsored in recent years to 
"explain" the mechanism of fatigue at the micrqscopic or sub-microscbpic 
level  but  this  general approach has not, as yet, offered any practical  
solution that can be applied directly to engineering problems. Apparently 
the mechanisms that  may be dominant in the  ini t ia t ion and propagation of a 
crack are considerably complex. 
In order to establish engineering formulas that   are  more precise 
than  the  linear  rule  qualitative and quantitative  evaluations of (1) ' 
crack init iation, (23 crack propagation, (3) fatigue limit, and (4) delay 
cycles appear t o  be necessary. "Delay cyclesIi may be defined' as the 
number of cycles required to   re - in i t ia te   the  growth of a crack a f t e r  a 
change i n  stress level has taken place. This report describes several 
possible relations for quantizing these effects and experiments performed 
t o  evaluate t h e  precision of these. 
The basis f o r   t h i s  approach t o  a general  analysis of fatigue pro- 
cesses and for the estimating of cumulative fatigue damage is i l lustrated 
in the sketch on the following page. 
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This S-N curve is  an idealized representation of smooth or  notched 
laboratory specimens, or  simple structural  or machine elements. Since, in  
many types of structural   or machine elements, the  notch or  stress-raiser i s  
highly localized (such as rivet holes, o i l  holes, material defects, etc.), 
only t h i s  type of notch will be considered. For similicity, the lower 
branch of the  S-N curve will be considered as being parallel   to  the  abscissa,  
although many non-ferrous materials exhibit a slight  slope  for  this branch. 
(There are possibly several explanations for t h i s  slope such as atmospheric 
corrosion, metallurgical instability, etc. ) . As such, t h i s  lower branch 
corresponding t o  the "fatigue L i m i t "  m y  be considered t o  be a "threshold 
value" for  crack propagation.* 
* In notched specimens and sometimes i n  smooth specimens, non-propagating 
cracks have been observed at, or  somewhat below, the fatigue limit. 
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The region between the  ordinate and the upper.  branch of the S-N 
curve is u8U4Jly considered t o  be divided into two regions: (1) crack 
in i t ia t ion  and (2) crack propagation. Since the detection of the origin 
of cracks in a fatigue process depends on the  precision of the  inspection 
technique, the division of the fatigue process i n t o  these two stages 
requires special consideration. One method by which these two stages 
can be defined is by the concept embodied in the French Damage Line 
Theory. An adaptation of t h i s  concept wil be used Later on in discus- 
s i n g  cumulative damage. 
This present investigation proposes an approach t o  the analysis of 
fatigue that requires meamrements of the following relations: 
The "c r i t i ca l  dynamic crack length and stress" 
as a function of the crack length and the 
stress  conditions used t o  form the crack. 
(This is the same as the fatigue limit 
associated with a crack of a specific  length) . 
The ra te  of crack growth as a f'unction of the 
s t ress  of t he   t e s t  and the crack length. 
The stress-interaction effect. The s t ress  
interaction  effect is defined i n  this report 
t o  be the influence of the prior stress  condition 
on the  ra te  of crack propagation at the  stress 
condition being considered, This effect is 
evaluated by the delay cycles, defined on page 2. 
Expressions for these relationships are presented i n  a later  section as 
w e l l  as a discussion of the   tes t   resul ts .  
Legend 
K (sa, = function of gross mean and alternating  stresses that 
defines the quantity d(1og fi)/dN at that  s t ress  
condition. - (cyc1es)'l. 
KN = stress  concentration  factor based on the Neuber 
parameter  (16). 
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Symbols = Continued 
sa 
“ai 
se 
Sf 
%et 
S’ 
sar 
N 
n i  
NO 
crack length (tip t o   t i p )  - in. 
initial crack length - in. 
c r i t i c a l   m a m i c  crack length (associated with the 
fatigue limit at 5 x 106 cycles of a specimen with 
a crack length of Ad ) in. 
cr i t ical   length of crack fo r   s t a t i c  failure at 
reference (highest) stress in the spectrum = in. 
gross alternating stress - ksi  
gross alternating stress vdue in the spectrum at the 
i t h  load = k s i  
equivalent gross stress - k s i  
fatigue ( 5  x 106) in terms of (gross) 
alternating stress = ksi  
gross mean, or steady, stress = ks i  
gross mean, or steady, stress i n  the spectrum at the 
i t h  load - ksi 
maximum net  s t ress  i n  the cycle - k s i  
a constant  related t o  the residual stress developed 
i n  the formstion of the crack = ks i  
gross reference alternating stress level  = ksi  
number of cycles 
number of cycles in the propagation stage at the ith 
stress condition 
number of cycles corresponding to   t he  development of 
a crack of length Lo 
Symbols 0 Continued 
D 
R 
(P 
number of cycles  to, failure at the reference stress 
level 
fatigue damage (defined by f ornula8 17 and l.8) 
r a t io  of minimum (gross) stress i n  the cycle t o   t h e  
maximum (gross) stress in the cycle 
stress-interaction function 
pwameters in the various f0-s ( u s u a ~ y   r e l a t e d  
t o  the material) 
constants in the formula of reference 16 
alternating (stress) 
delay cycles 
fatigue limit (stress) 
indicial notation, the ith condition 
mean (stress) 
subscript on the stress concentration factor to 
designate  the Neuber modification of the geometric 
stress concentration factor 
ne t  (stress) 
reference (stress) 
The work performed t o  evaluate this approach and the development of 
testing  techniques  required t o  obtain these ,constants  for any material, 
was divided into the following three phases. The T i  - 8 Al = 1 Mo - 1 V 
al loy was used as a test   material .  
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Phase I 
Purpose. - To develop t.echniques for the evaluation of the  "cr i t ical  
dynamic crack length and stress" (fatigue limit associated with a crack), 
and t o  determine the  influencbg  variables. 
Program. - Cracks of a given predetermined length were produced i n  
specimens at a specific  prestress  value 'and these sp?cimens were tested 
t o  determine the  fatigue  strength at 5 x ,106' cycles.' . A semi-empirical 
formula 'is. later .proposed and tested s t a t i s t i ca l ly  using  these  experimental 
dat ao. 
. .  
. ,  
To accomplish t h i s  phase o f . t h e  program specimens were produced with 
a s m a l l  hole'(.- = .Og inch dlmeter)  in the  center of the  test   section. 
Specimens were loaded t o  a s t ress  such that  cracks developed i n  a small 
nmber of cycles. These cracks were grm t o  predetermined lengths (Oo020",  
0.042" and 0.0g5"). 
It was initially intended that specimens were t o  be subJected first t o  
a stress that would not cause growth of the crack, or failure after the 
initial 5 x 106 cycles of stress. The s t ress  level  would then be raised 
by a given increment and stress cycling repeated for another 5 x 106 cycles, 
or until failure. This process was t o  have been repeated un t i l  a s t ress  
level  was reached where fai lure  did occur within the 5 x 106 cycles. The 
program was started in t h i s  manner but it was found that   the  stress  cycles 
imposed on the specimens below the  stress  level where fai lure  occurred 
changed the fatigue  strength of the mater ia l   to  such an extent  that   the 
final fatigue strength was raised significantly. These findings will be 
discussed  in  detail i n  a later section of t h i s  report. 
As a result of these findings the   t es t  program was m o d i f i e d  and each 
specimen was t es ted  a t  only one stress level. From the  results of the  
several specimens of each crack length tested in this manner, an S-N curve 
was constructed and estimates made of the fatigue strength at 5 x 106 
cycles associated with each crack length. 
Phase If 
Purpose. - To investigate some of the various factors that influence 
the   ra te  of crack propagation. 
Program. - Cracks of two different lengths were generated i n  the SpecilmenS. 
These specimens were then each tested at a given mean and alternating 
s t ress  such that propagation of the crack would occur. By means of sequence 
photography, the crack growth was monitored so that the  ra te  of crack propa- 
gation could be determined. The variables studied were, (a) initial crack 
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length, (b) mean stress, and (c) alternating stress. Insofar as it YBS 
possible, (L portion of the data obtained fram specimens tested i n  Phase II 
was . also used in the Phase I portion of the program. 
Phase I11 
Purpose. - To investigate  the  various factors that influence the 
stress interaction  effect 0 ~ 1  crack propagation and haw the dels;y-cycles 
m a y  be taken into account when a spectrum of imposed stresses is involved. 
program. - Cracks of two lengths were generated. From Phase 11, part 
of an S-N curve for  each crack length at each meau s t ress  was obtained. 
Specimens of one crack length were tested at one mean s t ress  and at an 
initial alternating s t ress ,   un t i l  crack length growth was clearly evident. 
The testing was stopped and the  alternating  stress changed t o  a different 
level. The specimen was then subjected to  fa t igue s t ress  for  a predetermined 
percentage of t he   l i f e  expected at the new alternating  stress  level or  until 
fai lure  occurred. If fa i lure  did not occur, the testing was continued at 
a higher  stress  level. 
MATERIAL USED FOR INVESTDGA!I!ION 
The material used for  this investigation was T i  - 8 Al - 1 Mo - 1 V 
alloy sheet. This material was supplied t o  the Curtiss-Wright Corporation, 
Curtiss Division by NASA from the l o t  of material being investigated  for 
the canmercial supersonic transport (SST)  program.  The chemical analysis 
report supplied by the manufacturer s h m  the following analysis: 
C 0.023 Q 
N 2  0 . 013 
Al 7.6 
V 1.0 
Mo 1.1 
H2 0.003 0.007 
T i  Remainder 
Fe 0.09 
The tensile  property  tests  reported were as follows: 
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I 
H i g h s  
Yield Ultimate 
Strength Tensile 
Psi  
140,500 130, OOo 
152,500 136, OOo 
Strength 
O.+ Offset Psi  
140, 000 157,800 
I 
Elongat ion 
The sheet supplied was nominally 96" x 36" x 0.050'' thick. A c t u a l  
thickness of the sheet varied from 0.040" t o  0.&4". The material was i n  
the  Triplex Annealed condition and reported t o  have been given the follow- 
ing thermal treatment af ter   f inal   rol l ing:  
1450°F fo r  8 hours, furnace cooled 
1850°F for  5 minutes, air cooled 
1375OF for  15 minutes, air cooled 
No further thermal treatments were given the material p r io r   t o   t e s t .  
The fatigue specimens were prepared i n  accordance with specimen draw- 
ing Figure l. A l l  fatigue specimens were cut with the longitudinal axis 
of the specimen para l le l  to  the  long axis of the sheet. Each specimen blank 
was identified so that i ts  original location within the sheet could be 
ascertained. The locations of the specimens are shown i n  Figure 2. 
A s m a l l  hole, approximately .005-.007 i n  diameter was dril led,  or 
electro-discharge machined, in the center of the test section of the speci- 
men.  The edge of this hole was then electro-etched t o  remove the  work- 
hardened material around the hole and produce a residual stress f i e ld  
favorable t o  crack in i t ia t ion  . 
APPARATUS USED FOR THIS INVESTIGATION 
Fatigue Machines  and Grip Design 
The testing performed i n  t h i s  investigation was done on two axial  
fatigue machines of the constant load type with a capacity of 5000 pounds 
steady load (either compression o r  plus an alternating load of 
f5000 pounds. These machines 00 cycles per minute. 
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Sheet specimen grips were designed and b u i l t   t o  permit the use of 
the threaded fixture of the fatigue machine. The specimens w e r e  held t o  
the grips by means of a clamp. Five 1./4-20 cap screws held t h e  clamp and 
the specimen to  the  gr ip .  The cap screws were locked in place with nuts. 
Serrations were cut in the  gr ip  and the clamp p l a t e   t o  prevent axial move- 
ment of the  specimen. In order t o  obtain precise alignment of the  specimen 
in the grip, the specimen had two reamed 1/8" holes on the  centerline 
4-3/4" apart. The grips and clamp plates also had a reamed hole on the 
centerline. A dowel pin was used t o  align the specimen in the grip before 
the cap screws locked the specimen i n  place. 
The fatigue testing machine was aligned by fixing a specimen in its 
grips and f ixture  to  the osci l la tor  plate  of the machine. The upper end of 
the  fixture was then alluwed to   a l ign   i t se l f  and was locked in place by means 
of wedges and spjPerically seated screws so arranged that no movement of the 
upper end of the fixture took place during the locking operation. This 
system was adequate for  a stiff specimen, but a sheet specimen would not 
be s t i f f  enough t o  permit alignment by t h i s  method. Therefore, a dummy 
specimen was made of a s tee l  channel. This dummy specimen had the same 
reamed holes as the specimen. The  dummy specimen was pinned t o  a grip at 
each end and then the grips placed i n  a tensi le  machine under light load and 
the dunrmy specimen was screwed to the grips.  This assured vertical align- 
ment of the grips and dummy specimen. This assembly was then placed in the 
fixtures of the fatigue testing machine, and the fixtures aligned. Figure 3 
s h m  the dummy specimen and grips assembled in  the  fatigue  testing machine. 
The dummy specimen could then be removed and replaced with a t e s t  specimen. 
A sl ight   ver t ical  adJustment of the  oscillating  platen could be made t o  f i t  
the dowel pins through the holes i n  the grips and the specimen, while axial  
alignment was maintained. Specimens could be replaced i n  the grips without 
realigning the entire grip and fixture assembly. 
To prevent buckling of the specimens under compressive loading, 
st iffeners were used. Spacers were made which could be assembled with the 
specimen and stiffeners to allow a clearance of .001" t o  .003" between the 
specimen and the stiffeners, One stiffener was made with a window through 
which crack propagation could be observed. Oiled paper was placed between 
the st iffeners and the specimen t o  prevent seizing. (The paper was not 
oiled when the photographic method of determining crack growth was used t o  
avoid oi l  interfer ing with the detection of crack growth). Spacers were 
made t o  f i t  the ends of the  s t i f feners   to  provide a clearance of -004 - 
.006" between the gr ips  and the st iffeners during testing. A view of the 
specimen, st iffeners and grips assembled i n  the fatigue testing machine i s  
shown i n  Figure 4. 
To check the calibration of the fatigue testing machines, type A-7 and 
type C-7 st rain gages were attached t o  each side of a t e s t  specimen. This 
t e s t  specimen was loaded i n  a t ens i l e   t e s t  machine and the calibrations of 
the  strain gages were checked. The t e s t  specimen was then put i n  the 
fatigue testing machines and calibration checks made for steady loads and 
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si. vibratory loads throughout the entire test  range. A t  no point was there 
4 more than a 54 difference between loadse t t ing  and readings obtained frm 
the s t ra in  geges. 
Equipment For Recording Crack Propagation 
On t h e  basis of previous experience ( 6 )  it was .decided that the data 
required  for the  crack propagation studies should be obtained by photographic 
means. The equipment used consisted of a 7Omm r o l l  film sequence camera 
with a 4&nm lens. This camera was equipped with an electric shutter that 
in  turn was operated by a solenoid. Timing of the shutter opening.wss 
accolqplished by use of an e lec t r ic  timer which could be se t  by changing 
gear  ra t ios  to  open the shutter at a predetermined time interval. When the 
shutter was fu l ly  opened, a switch in  the camera closed, operating the flash gun. I n  series with the flash gun was a contactor which was connected t o  
the main shaft of the fatigue  testing machine and which had provisions fo r  
changing the position of the  contact  points  in  relation  to the rotation of 
the shaf t  of the  machine so tha t  the exposure could be made at a point in 
the stress cycle where the tension was a m a x i m u m  and the crack would be 
opened the maximum amount. 
. .  
The timing of t h i s  contactor t o  obtain t h i s  point of the  stress cycle 
was accomplished by putting a bent specimen in  the grips of the  fatigue 
tes t ing machine, sett ing a light alternating load on the rotating eccentric 
of the machine, and taking photographs of the specimen at various settings 
of the contactor which controlled the timing of the flash. The setting of 
the contactor which produced a photograph of the specimen at i ts  straight- 
est point was used. 
The flash unit for illumination had a rating of 1650 ECPS watt seconds 
and was used at 1/2 parer, giving a flash duration of 1/1500 second. 
Figure 5 shows the  camera, light source and specimen arrangement. 
A fine  grained panchromatic f i l m  with an a r t i f i c i a l  light rating of 
ASA I20 was used fo r  a l l  tests and was developed i n  a high contrast developer 
in order t o  obtain a high contrast for ease i n  reading the crack length. 
I n i t i a l  test  films were developed i n  a fine grained developer, but it was 
found that better results could be obtained with the higher  contrast develop- 
ment of the film. Crack length was measured by examining the film with a 
low power microscope with a micrometer eye piece. The combination of 
magnification of the  camera and the microscope enabled the measurement of 
crack lengths t o  the nearest  .001". Figure 6 shows a typical sequence of 
photographs showing crack gruwth related t o  cycles of stress. 
11 
TEjT PROCEDURE AND PRESENTATION OF DATA 
Crack Generation 
In order t o  generate a crack at the  hole  in  the specimen, the speci- 
men was cyclically loaded at a level above the fatigue limit of t h i s  material 
with the hole. Several techniques were used t o  produce the   in i t ia l   ho le  
and t o  generate the starting crack. The holes i n  the first specimens were 
produced by the electro-discharge machining method. The size of the result- 
ing hole varied from 0.0064 inches t o  0.015 inches i n  diameter. While these 
holes were satisfactory for the large sizes of cracks generated in some 
specimens, it was considered desirable t o  use a smaller hole controlled t o  
closer tolerances. A procedure was found f o r  dril l ing holes of 0.005 - 
0.007 inches diameter. With this size hole and in  the "as-drilled" condi- 
tion, it was found necessary t o  use a s t ress   l eve l  of 65 ksi  mean s t ress  
and *5O k s i  a l ternat ing  s t ress   to  start a crack from the  drilled  hole. 
Once started such cracks grew rapidly, however, at t h i s  high s t ress  level  
several  failures  of  the  grips were encountered. 
By electric etching the edges of the hole on both sides of the speci- 
mens, it was found possible to decrease this start ing stress level  for  
start ing  the crack t o  60 ks i  mean s t ress  and *40 k s i  alternating  stress. 
After a crack was started from the  hole,  the  stress  level was therlowered 
t o  a level of 50 k s i  mean s t ress  and k3O k s i  alternating  stress  to  continue 
the growth to the desired length. Crack length was determined as the over- 
all lengbh of the crack as shown below. 
n 
5 
Direction of 
s t ress  
Method of Measuring Crack Length 
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Crack length growth was monitored with a binocular microscope as shown 
in Figure 7 and the  cyclic  stressing was continued u n t i l  the desired crack 
length was obtained. On the initial 'specimens the crack length observed on 
only one side of the specimen was recorded. On further observation, it w88 
found that there was some variation in crack length between the two sides, 
hence on all subsequent specimens the i n i t i a l  crack length was measured on 
both front and back of the specimen, and both readings were recorded. If 
significant variations occurred, the crack growth was continued t o  the 0.095 
inch nominal length. 
The crack generation histories of each specimen for  use  in Phase I and 
Phase I1 testing are recorded in  Table I. 
;o detemin e t h  
Phase I Testing 
The objective In the Phase I program was t ~ ~ re fatigue limit 
(at 5 x &-cycles) associated with several crack lengths at several mean 
stress levels, It was i n i t i a l l y  planned that  the tes t ing would be accom- 
plished by the step testing procedure. In t h i s  procedure, a specimen was 
stressed at a specified steady and a specified alternating stress, and the 
testing was conducted for  5 x 106 cycles. A t  the completion of t h i s  step, 
the  alternating  stress  level was raised by a given increment and the  testing 
was continued for another 5 x lo6 cycles or unti l  failure occurred. If 
fai lure  did not occur, t h i s  procedure was repeated. 
The data obtained from such a testing proaedure m e   l i s t e d  i n  Table 11. 
It is t o  be noted t h a t  in several instances, specimens which were started 
at a low value of alternating  stress did not fa i l  unti l   several   steps had 
been completed so that the alternating stress had been raised appreciably. 
However, when other specimens of an identical nature were started at higher 
levels of alternating stress, failure occurred at a lower stress level than 
for  specimens tha t  had more stress cycles. As specific examples, specimen 
L-1 was first stressed at 20 ks i  mean and *14 ks i  alternating stress. It 
did not f a i l .  The alternating stress was raised six times i n  2 ksi incre- 
ments and st i l l  fai lure  did not occuro The specimen f ina l ly  fa i led  while 
being stressed at 20 ks i  mean and *26 ks i  alternating  after 187,000 cycles. 
Y e t  specimen "14 with a comparable size starting crack was started at 20 
ks i  mean and f22 ks i  alternating and fai led at th i s   s t ress   l eve l   a f te r  only 
99,OOO cycles. Several. other such examples can be noted i n  reviewing the 
data contained i n  Table 11. The explanation for this effect is not known. 
Possible explanations are (1) the coaxing phenomenon observed in other 
a l loys ,  (2) scatter in the fatigue behaviour of t h i s  alloy and, (3)  differ- 
ences in the  residual  stress at the t i p  of the crack in  i ts  formation. 
Because of this condition it was decided that   the   s tep test procedure 
should be discontinued and all f'uture tes t ing be done at only one stress 
level per specimen for   the  Phase I program. In order t o  increase the amount 
of data available  for the Phase I portion of the program, Phase I and 
Phase I1 testing were combined. The resul ts  of  such tests are recorded i n  
Table 111. 
The data obtained i n  Phases I and I1 and recorded i n  Tables I1 and I11 
have been plotted  in  Figures 8 through 16 as S-N curves fo r  the several mean 
stress levels and several starting crack lengths used in the investigation. 
The S-N curves represent the median fai lure  l ines .  A s ta t i s t ica l  ana lys i s  
w a s  performed on the majority of the fa i lure  S-N curves and the resul ts   of  
these analyses are also shown  on the figures. The standard regression 
analysis (7) of the median log N values on stress established the 90 percent 
confidence interval of the average alternating stress (represented by the 
short horizontal line on the figures), and the 90 percent confidence inter- 
vals on t h e  slopes (the dotted boundaries on either side of the upper branch). 
Only those  points  representing  cycles  less  than 106 were employed i n  t h i s  
analysis. The median log N values were weighted by the number of observa- 
t ions  . 
The horizontal branch of these curves, o r  the fatigue limits, were 
obtained by "eye-estimation" since there were insufficient points in t h i s  
region t o  perform a s ta t is t ical  analysis .  These experimentally determined 
fatigue limits have been listed i n  the table on page 18. It i s  considered 
that these values  are  accurate  to  within  about 1.5 ks i  (standard deviation) . 
Phase I1 Testing 
With the aid of the photographic equipment described i n  the previous 
section, sequence photographs were taken of the specimens tested during 
th i s  phase of the program. After development, the films w e r e  examined by 
t h e  use of a low power microscope with a micrometer eye piece. The com- 
bination of magnifications of the camera and the  microscope enable the 
reading of crack length to the nearest .001". The syncro-timers on the 
camera shutter and on the  fatigue machine permitted determining the number 
of stress cycles for each exposure. Al exposures were examined and data 
recorded from significant and typical exposure frames are tabulated in 
Tables I V  through I X .  The crack progression for each specimen was plotted 
on semi-log paper with the crack length on the logarithmic ordinate. 
Typical examples of these plots  are shown i n  Figures 17 through 19. Most 
of these curves could be described by four sequential parts: (1) a delay 
period when  o crack growth occurred; (2)  a short  init iation period where 
the growth was sporadic; ( 3 )  a straight l ine  progression; and (4) an 
increasing progression rate until failure occurred. Figure 17 i s  typical 
of such a behavior. 
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j, crack  progression  curve and  two slopes were obtained.  Figures 18 and 19 
In some cases there was a break i n  the straight line  portion of the 
are i l lus t ra t ive  of cases of a slight change and a marked change respec- 
tively. In the tables N t o  M t he  values of 
are recorded for  each specimen and where the crack progression curve s h e d  
two slopes, two values of 
are given. These data, with sane of the data from Phase 111, we summarized 
i n  Table X and shown graphically  in  Figure 20. 
Phase I11 Testing 
The Phase I11 testing program was designed t o  study stress inter- 
actions. It had been i n i t i a l l y  planned t o  monitor the crack propagation 
by periodic visual examination, however, the photographic method developed 
during the Phase I1 test ing worked so well, it was decided t o  use this 
method of recording crack propagation in   the Phase I11 program and thus 
greatly increase the precision and frequency of the test observationse It 
had also been planned t o  test  the specimens at three stress levels.  Crack 
generation data for  the specimens used in Phase I11 axe recorded in  Table X I .  
It was considered desirable t o  have all stress changes occur within 
the straight line portion of the crack progression curve. For t h i s  reason, 
the t e s t  procedure was set-up as follows: (1) test at the first stress level 
u n t i l  growth started. The start of  growth was verified by microscopic 
examination from t h e  side opposite the camera (for specimens requiring guide 
plates, a s m a l l  hole was made in  the  guide plate t o  permit t h i s  observation); 
(2) when growth had started, cycling continued at the same stress leve l   for  
one-third (assuming a three stress l e v e l   t e s t )  the number of cycles of l i f e  
expected in  the straight line portion of the crack progression curve (deter- 
mined from Phase 11); (3) change the s t ress  leve l  and cycle for one-third 
the number of cycles of l i f e  expected i n  the straight l ine portion of the 
crack progression curve fo r  that stress level; (4) change the  stress level  
and test to  fa i lure .  This  tes t  was conducted on four specimens w i t h  a 
gross mean stress of 40,000 psi and gross  alternating  stresses of S,OOO 
psi, +1O,OOO psi, and *l2,OOO psi. The results of this tes t ing are tabu- 
lated i n  Table X I I .  I n  no case was there any measurable delay i n  crack 
growth after a change in  stress and the  values for 
for the four specimens were .7lO, .796, 0868, and 1.04. These values 
were considered close enough to  the  theoreticsl   value of 1 to  indicate  
no stress interaction within this stress range. 
It is  possible that no stress interaction is indicated because the 
change of alternating stress level is relatively sl ight.  
It was knk from Hudson and Hardrath (8) that cracks generated at 
high s t ress  caused delay at low stress  for  aluminum. I n  order t o  determine 
t h i s  effect  on the titanium alloy being used in t h i s  program, cracks were 
gram from 0.095" nominal length t o  approximately O.ll5" at a gross mean 
s t ress  of 40,000 ps i  and gross alternating stresses of *t3O,OOO psi, -120,000 
psi, and *l5,OOO psi. The alternating stress was then dropped t o  f8,OOO 
ps i  and the progression monitored- From Tables XI11 and X I V  it can be 
observed that the  higher  stresses used t o  grow the  cracks  resulted  in a 
greater delay in the start of crack growth at the S,ooO psi  al ternating 
stress  than did the lower stresses. 
The resul ts  of this  preliminary  testing  indicated  that  the major 
stress  interaction  effect was a delay in crack growth which varied with 
the stress applied to the crack immediately before  testing at a luwer 
stress. Therefore, the remainder of the- Phase III testing was performed 
in  such a manner as to   es tabl ish  the  effects  of variations i n  a high first 
s t ress  upon the delay in growth at a lower second stress. 
Specimens which had nominal crack lengths of 0.042" and 0.095" genera- 
ted at 50 k s i  -130 k s i  were placed i n  t h e  test machine and the cracks were 
grown approximately 20 percent at mean stresses of 0, 20, and 40 ks i  and 
various alternating stresses. During such stress cycling, crack length 
was monitored and crack length measured u n t i l  the  desired growth was 
obtained. When the  desired growth was obtained, the alternating stress 
level was lowered and progression of the crack was monitored photographical- 
ly unt i l   fa i lure  occurred or until a very large number of cycles (over 
200,000) indicated no growth was taking place. If examination of t he  l a t t e r  
specimens confirmed that no growth took place, the alternating stress was 
increased and the test re-run. If no growth occurred after a large number 
of cycles at the new stress level, the testing of tha t  specimen was 
abandoned . 
The complete history of each specimen, including first stress, second 
stress, crack progression and crack progression rate is shown i n  Tables 
XV through XX. The delw cycles are tabulated i n  Tables X I 1 1  and XN. 
Crack lengths tabulated are all from the camera side. 
II ' 
The data f r o m  Tables XI11 and X I V  are plotted in  Figures 21 through 
26. Also plotted in these figures is the  delay data from Phase I1 (Table 
111) where the first stress was considered equa;l t o   t h e  generating stress, 
50 +3O ksi.  Straight l ine plots through points of equal first stress, were 
drawn by eye fo r  each mean stress and s tar t ing nominal crack length. Each 
nominal s tar t ing crack length at each mean stress then had a family of 
four roughly para l le l  d e w  cycle S-N curves, one from the delay cycles 
determined i n  Phase 11, and three from delay cycles detennined in Phase 111. 
ANALYSIS OF TEST  RESULTS AND DISCUSSION 
The Cr i t ica l  Dynamic Crack Length and Stress 
(Fatigue L i m i t  Associated With A Crack) 
Fatigue cracks that do not propagate with continued cyclic stressing 
have been reported by several investigators. Non-propagating cracks have 
been observed at the root of notches and on precracked specimens ( g ) ,  (10) 
Also, non-propagating micro-cracks ( l l )  have been found in smooth specimens 
tes ted  s l ight ly  below the  fatigue limit of the material. 
A simple relation (12) between t h e  fatigue l i m i t  associated with a 
crack and i t s  length when the mean stress i s  zero has been suggested as 
follows : 
B q a = c  
I n  a number of investigations on different alloys, the National 
Engineering Laboratory (12) has found that  the the exponent, B , is equal 
to  three .  In order t o  eliminate the possible effect of residual stresses 
at the t i p s  of the cracks, all specimens i n   t h e i r   t e s t s  were heat-treated 
or stress-relieved after the crack formation. 
In a recent investigation, Duckworth and Ineson (13) of the EWitish 
Iron and Steel Association have demonstrated the  relation of t he   c r i t i ca l  
dynamic crack length to   t he   s i ze s  of the non-metallic inclusions in steel. 
I n  this investigation, the authors introduced various shapes and sizes of 
inclusions into the steel. 
However, there are two major questions that must be answered before 
this   re la t ion '  can be applied in  practice: 
(1) What modification of formula (1) is necessary 
t o  account f o r  mean stresses other than zero? 
(2) How do the  stress conditions (mean and alter- 
nating) employed t o  generate the crack modify 
th i s   re la t ion  i f  the specimen is not heat- 
treated or  stress-relieved after the crack 
generat  ion? 
One simple modification of equation (1) for   the  mean stress of the 
t e s t  is: 
(1  + b %) Sf B A = C 1  
However, the above form did not give a reasonable f i t  with the 
experimental data l is ted  in   the  table  below. 
Another re la t ion  that  was t r i ed  i s  in   the form: 
(Sf + bf sm - 4 3  a = c (3 1 
In this empirical fomula, the quantity, s' , is  related to  the  
stress conditions used t o  generate the crack. 
Fatigue L imi t s  Associated With Cracks 
Generated at 50 f: 30 ksi 
Mean Stress 
s, - ks i  
0 
0 
0 
20 
20 
20 
40 
40 
40 
Nominal 
Crack Length 
I n 0  
0.020 
0.042 
0 095 
0.020 
0 . 042 
0 095 
0.020 
0.042 
0 095 
Estimated 
Ekperimental 
Fatigue Limit ,  ksi  
36.5 
33 .6 
32 
23 -5  
22.0 
21.6 
13 -5 
10.6 
5 88 
Calculated 
Fatigue Limi t  
k s i  
36.5 
34.3 
32.4 
24.3 
2202 
20.2 
1201 
909 
8.1 
The parameters in equation 3 were obtained by standard regression 
ana lys i s  ( l ea s t  sqwe  f i t ) .  The parameters were found t o  be as follows: 
bf = 0.608 
c = 20.1 
S '  = 26.46 ks i  
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The fatigue limits associated with the two crack  lengths were then 
computed by means of formula 3, employing the parameters on page 18. The 
root-mean-square error of these computed fatigue limits is *LO8 ksi. The 
t e s t  values and the computed values are plotted in Figure 27. 
Several investigators (143, (15) have suggested t h a t  a discontinuity 
exis ts  i n  the fatigue phenomena i f  part of the stress  cycle i s  in   the 
compressive range (i.e., R < 0) since the closure of the crack during t h i s  
par t  of the cycle creates a s t ress  field that   d i f fers  in form from that 
in the tensile part  of the cycle. It has been suggested (14) that only the 
tensi le   par t  of the  cycle is effective in fatigue, particularly in crack prrtion A more general hypothesis, however, is tha t  a fractional  part, of the maximum compressive stress in  the cycle should be considered. 
This suggestion leads t o  a method of correcting  the gross alternating 
and mean stresses when Sa> Sm , o r  R <  0. These corrected stresses we: 
The computed values i n  t h e   t a b l e  on page 18 were based on t h e  assumption 
that f = 1. However, additional computations for  3' between zero and 
unity showed t h a t  the proposed relation was not sensitive t o  t h i s  factor 
from about 1/2 t o  1. When = 0.5, the  following  parameters were obtained: 
s' = 25.0 k s i  
The rms error of sf in t h i s  case was *1.56. Since this error is not 
significantly different from the previous value (*lo@), a d value of 0.5 
2s considered reasonably correct. 
Crack Propagation 
Many formulas have been proposed in recent  years  for  predicting  the 
rate of crack propagation i n  a sheet or bar subjected t o  a uniform alter- 
nating fatigue stress. "WO general approaches (16, 17) wil be considered 
in   this   report .  
In  1946, Bennett (17) of the National Bureau of Standards reported 
that, .  i n  the growth of a fatigue  crack  in X4130 steel ,  the logarithm of 
the crack length* was a straight   l ine when plotted  against  the number of 
cycles. This observation is mathematically described i n  the differeot ia l  
form by: 
Bennett found that  t h i s  slope increased rapidly with the imposed stress 
level 
This relation was independently observed by t h i s  laboratory (18) and 
at about the same time it was also proposed by Frost and Dugdale (19). One 
of the simplest assumed relations of K t o  s t r e s s  i s  a power function of 
alternating stress. For the case of pure alternating stresses, this rela- 
t ion is described i n  the integral form by: 
where 4, and No are  the  constants of integration. 
Researchers at the National Engineering Laboratory (14) have conducted 
extensive tests on many alloys, and have determined tha t  the  s t ress  exponent 
is equal t o  3.0, at least, in all alloys that were tested. Further, it has 
been found that  the above relation is valid only for crack lengths less than 
about 15 percent of the sheet width, the exact length depending on the level  
of the alternating stress. 
A t  l eas t   in  one alloy (20), the   ra te  of propagation was f m d  t o  be 
independent of the plate thickness of t h e  specimen men it was changed f r o m  
0.128 t o  1.0 inch. 
There are several relatively simple empirical modifications of the 
above re la t ion  to  allow f o r  a superimposed mean stress,  % . These 
suggested f oms are: 
~~ 
* Actually Bennett subtracted a small i n i t i a l  length of crack t o  obtain 
* This relation is valid if  the natural logarithm is employed, otherwise 
the linear log a vs N plot of crack propagation. 
there is  the factor, log, e , that  modifies this. 
a 
= k3 (sa + b3 smy3 (N = No) 
The first modification (8a) was proposed by Frost (21), while the 
other two (8b and 8c) have been suggested by the present authors. O f  engin- 
eering interest  is the fact  that  the data reported in reference (21) show 
that the crack propagation r a t e  i s  relatively  insensitive  to  the  gross mean 
stress i n  austenitic and mild steels but i s  very sensitive t o  the mean stress 
i n  aluminum alloys. 
The values* of K x 10 which is  t h e  i n i t i a l  slope of the log L versus 6 
N curve for  t h i s  alloy have been recorded in Tabla  N t o  IX and XV t o  XX 
inclusive. These data have been systematically summarized i n  Table XXI 
(fourth column) 
There appeared t o  be three classes of curves of crack propagation when 
the crack was l e s s  than about 15 t o  20 percent of the width of the specimen. 
The most common type of curve is  a single straight-line relationship of the 
logarithm of the crack length versus the number of cycles. This is i l lus-  
trated in Figure 17. In the second class, two straight l ine segments 
of sl ightly different slope were observed. This is i l lustrated i n  Figure 
18. I n  Table XXI, these two slopes have been recorded separately. I n  most 
of these cases, the average of these two slopes is  recorded in the fourth 
column  and is employed i n  the analysis. A t h i rd  class, shown i n  Figure 19, 
is that  when t h e  i n i t i a l  slope was very small in   re la t ion t o  the second 
slope. I n  this case oniy the  l a t t e r  was used. In  a t o t a l  of about 100 
specimens, t h i s  only happened i n  four cases. The reason fo r  this peculias 
behavior is not known. 
The geometric mean of K x lo6 computed for  each stress condition 
is listed i n  Table X. These data were employed i n  deriving the best-fit 
f o r  each of the suggested relat ions  for  K (factors i n  equation 8): 
* This relation is theoretically incorrect when Sa-+ 0. 
x+ In  the computation of t h i s  slope, the logarithm t o   t h e  base 10 was used 
rather  than the natural logarithm. 
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The s ta t is t ical   analysis  accomplished on a d ig i t a l  computer for paired 
values of Q and d was made t o  determine the optimum values of the 
parameters. This was accomplished by the conventional regression analysis 
(22) . The value of Cy was varied between about 2.2 and 3.2, while the 
values of f l  that were chosen were 0, 0.20, 0.50, 0075 and 1.0. 
For each paired value of u and d , the optimum value of the 
parameters, k and b, were established. For each combination of cy , d ,  b 
and k, the value of K was computed for  each stress level using the appro- 
pr ia te  formula. The differences between t h i s  computed value and the corres- 
ponding experimental value determined the  root-mean-square erroro 
These rms-errors* have been plotted i n  Figures 28, 29, and 30, as 
functions of Cy and f The overall  best-fit was taken t o  be that  point 
corresponding to  the  minimum error. These errors have been tabulated in 
the  table below. 
Value of the Parameters For Equations gay 
gb, 9c For T i  - 8 Al-  1 Mo- 1 V. Alloy 
c 
Fonnula Errors i n  K x 10' b k x 106 d U 
(rms error) 
9-a 
4.8 . 1022 . 00615 43 2 075 9-C 
4 075 e 0174 (33751 . 61 2.58 9-b 
6.08 .01GO .058 49 2.05 
The goodness-of-fit may be Judged by comparing the rms er ror   to   the  
average K of all t e s t s  which is 3203. 
* rms-error = root-mean-square error. 
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The data of Liu- (23) on 2024-T3 material were simil'arly analyzed 
t o  check the above trend. In the investigation conducted by Liu, all 
test conditions were in   the   t ens i le  range so no adjustment was required 
fo r  crack closure. The error between the observed and calculated valdes 
of K (ms error) have been plotted i n  Figure 31. The best f i ts  (based on 
m i n i m u m  rms error in  K) have been tabulated  in  the  following table where 
the  superiority of equations gb and 9c is t o  be noted. 
Values of the Parameters For Equations gar 
gb and 9c For 2024-f3 Aluminum Alloy 
6 Error  in K x 106 Formula (rms error) b k x 10 U 
9-a 
4.2 0.234 0.00~825 3.74 9-C 
5.0 0 . 02232 0.016409 2.80 9-b 
12.6 -0.0144 0.157 2.36 
However, because of the significant scatter i n  the tes t  data of the 
~i-8-1-1 alloy as wel as i n  the aluminum alloy  tested by Liu, and because 
it was found that the  errors between the observed and calculated values of 
K in equations 9-b and 9-c changed rather slowly with changes of the 
exponent, CT , i n  the vicinity of 3, it is believed that the value cy = 3 
reported in the l i terature is a reasonable value. This is  t o  be seen i n  
Figures 28 through 31 inclusive and in  the following table: 
-r 
Values of t h e  Parameters 
for  u = 3 
r/ 
Error i n  K x lo6 
k (rms error) b 
~ "_ .. - . - - 
0.615 
6.54 0.1768 o.oogo6 0 0  
5 072 0.0229 0.00946 - - 
6.43  0.1223 0.00269 0.463 
6.49 0.0217 0.00181 
.L. 
The reason  for the significant  scatter  in  the  experimentally determined 
values of K is not known. It was found in  the  course of this  invest i -  
gation that the following factors had no effect: 
(1) Change i n  the humidity during the  test  period, 
(2) Errors in the values of the alternating and 
mean stress. 
The material supplier has suggested tha t  the specific heating, rolling 
and heat-treatment sequences used may tend t o  develop a preferred  crystallo- 
graphic orientation. If this preferred orientation was only partially 
developed, and i f  crack propagation were sensit ive to orientation, t h i s  
may be a possible explanation for some of the   s ca t t e r   i n   t e s t  results. A 
further investigation of th i s  poss ib i l i ty  is  suggested. An analysis of 
several random samples having both slow and fast .crack propaga-kion rates  
has shown that crack propagation rates during generation of the cracks gave 
high correlation with the rates during subsequent tes t ing while tes t ing 
under phases I1 and 111. This would seem t o  give further credence t o   t h e  
possibi l i ty  of loca l  meta.llurgical differences that influence crack propa- 
gation. A study of specimen location within the original sheet versus 
fatigue properties and crack propagation rates obtained, showed no evidence 
of gross areas with significantly different results. 
Another general approach t o   t h e  mathematical formulation of the crack 
propagation rate is  that described in references (16, 24, 25 and 26). In 
t h i s  method, the Neuber hypothesis that the material behaves at t h e  t i p  of 
cracks or at the root of notches i n  a manner to  blunt  the  sharpness of the 
crack t i p  is assumed, That is, the  material at the microscopic leve l  is 
assumed t o  behave uniformly over a small region; the characterist ic size 
of t h i s  i s  called the Neuber constant, p '  . In  t h i s  approach, the effective 
stress at the crack t i p  is  computed by considering t h i s  blunting effect. 
On t h i s  basis, the   ra te  of crack propagation is considered t o  be a function 
of t h i s  effective stress. The semi-empirical formula proposed in  refer- 
ence (16) is  : 
where A, B, and C are material parameters, and sf is  the fatigue limit of 
the  unnotched material. 
24 
r 
Since i n  i t s  present form, t h i s  method (reference 16) i s  s t r i c t l y  
applicable to one R-value and since there were only sufficient experimental 
data generated in   th i s   cur ren t  program ,at R = -1 for correlation with equa- 
t ion  10, only these data were used for  this purpose. Unfortunately, the 
other experimental data of t h i s  program were not  replicated.at   other con- 
s tan t  R-values. The crack lengths selected for this correlation were in  the  
range of 0.040 inches t o  0.160 inches. The regression analysis (22) of t h i s  
limited experimental data resulted in the following values for the constants: 
A - 0.016213 
Here the p -value was selected to be the largest that would not allow a dis- 
cont inui ty  to  ar ise  from the   l as t  term i n  equation (10). 
The corresponding rms-error i n  K x lo6 for the relation of the equation 
(10) w a s  computed t o  be 9.68, compared t o  7.11 and 7.45 for formulas 9-b and 
9-c respectively for t h i s  specific case of R = -1. 
Analysis of Delay - Cycles 
Each "delay S-N" curve (see Figures 21 through 26) displays the number 
of cycles required to   r e - in i t i a t e  crack growth a t  a specific alternating and 
mean s t ress  level  af ter  the crack had been grown t o  a specific length a t  a 
prior alternating and mean stress level (designated on each curve). An 
examination of each figure shows a strong correlation in the position of each 
delay S-N curve with the  prior  al ternating and mean stress  level  associated 
with it. An increase in either the prior alternating stress or  the mean 
stress increases the number of delay cycles. In the next paragraphs, a quan- 
t i ta t ive analysis  of  this apparent relationship i s  presented. 
For t h i s  purpo e, the test alternating stresses of the delay-cycle curves 
corresponding t o  10' cycles were obtained from these figures. A value of lo4 
cycles was selected since this value was in   the  middle of the observed values 
of delay-cycles. These data were recorded i n  Table XXII, and were s t a t i s -  
t i c a l l y  analyzed to   es tab l i sh  whether a correlation between the test  s t ress  
condition and the  prior  stress  condition-  existed. 
For this correlation study it w a s  assumed tha t  an equivalent test s t ress  
w a s  re la ted   to  an equivalent stress employed t o  generate the crack to   the  
specified length. The effective test  s t r e s t  was defined t o  be equal to  the  
tes t  a l te rna t ing  s t ress  corresponding t o  10 delay-cycles plus a fractional 
part of the mean t e s t  stress, o r  
and the  pr ior   effect ive  s t ress  was defined by a similar relation, 
Se2 - sa' + bp %' 
In these equations, the primes indicate that the correction of the stresses 
during crack closure described by equations (4)  and ( 5 )  has been used. 
The data  presented  in Table XXII were analyzed by the simple "quadrant- 
sum" correlation test described in reference (27). The hypothesis was 
assumed that those specific values of the parameters, / , bd and b , that 
gave the highest quadrant-sum between the equivalent test  stress and !he 
equivalent prior stress were optimum.  The accuracy of the test  data did not 
warrant a more sophis t icated  s ta t is t ical  technique. 
In  this  analysis,   the  value of each parameter was varied independently 
from zero to unity.  The selected values for each were 0, 0.25,  0.50, 0.75, 
and 1.0. For each combination, the equivalent test  and prior stress values 
were plotted on l inear  graph paper for  each crack length (nominally, 0.042 
in .  and 0.095 in.). The quadrant-sums of the two crack lengths were com- 
puted and averaged. There were 250 combinations of the parameters t ha t  were 
evaluated by the quadrant-sum t e s t ,   o r  125 average quadrant-sums. 
The highest quadrant-sum was found when the parameters had the following 
values : 
The quadrant-sum f o r   t h i s  combination was 24, which corresponds t o  a 
very high correlation. The graph for  t h i s  combination i s  shown in  the  
figure on page 27. Combinations, i n  general, resulted in significantly 
lower  quadrant -sums. 
about 9.5 for .  a l l  values of For ex?:ey 
when bp = bd = 1.0, the value was only 
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= 0.042 I = 0.095 
PRlOR EQUIVALENT 
STRESS KSI 
Correlation of equivalent 
PRIOR EQUIVALENT 
STRESS KSI 
s t ress   for  lo4 delay-cycles 
with the equivalent stress for the crack formation 
It should be noted that   the  above value of the equivalent stress co- 
eff ic ient ,  by i s  about the same as that obtained for the fatigue l i m i t  of a 
crack (see page 19) .  Further, the optimum value of -7+ i s  the same for  crack 
propagation, the fatigue l i m i t  of a crack, and the delay-cycles. 
A Suggested Cumulative Fatigue Damage Relation 
High-performance structures and machine elements are often subjected to 
spectra of random load levels in service in which part  of the spectrum in-  
duces cyclic stresses that exceed the so-called "fatigue limit" of the 
material. In these cases it i s  necessary i n  the design stage t o  estimate the 
probable fatigue l i f e  of the component. In  the development of a cumulative 
fatigue damage relat ion it i s  necessary to distinguish between the crack 
initiation stage of smooth laboratory specimens and tha t  of f i l l - sca le  com- 
ponents that usually contain highly localized flaws or other localized stress- 
r a i se r s .  In  th i s  lat ter case, the ini t ia t ion s tage i s  usually small re la t ive 
to  the total  cycles  to  fa i lure .  Further ,  the extreme m a x i m u m  values of the 
spectra are l i ke ly   t o  be in that portion of the S-N curve where the   in i t ia -  
t ion stage i s  relat ively small in  re la t ion to  the total  f racture  cycles .  
That is, the crack propagation stage i s  l i ke ly   t o  start a t  a low cycle-ratio. 
Therefore, i n  a high-performance structure or  machine element, it will be 
assumed tha t   the   fa t igue   l i fe  i s  largely associated with the propagation of 
an i n i t i a l  micro-crack. 
One type of crack propagation formula (equation 8) i s  of the form: 
or 
log a, = 
a K (sa, k) n ...............................('1&) 
where n  is the  number  of  cycles  counting  after  the  crack  has  attained  the 
small  initial  length, Bo For n cycles  at  the  stress  condition,  Sa, , 
Sml 
, the  final  length  of  the  crack  is  equal  to: 
If the  stress  level  is  changed  to ~a2, %2, for n2 cycles,  the 
crack  length  is  found  by  the  relation: 
where  nz  is  the  number of cycles  at  this  second  stress  level. In this 
relation  it  has  been  assumed  that  there  is  no  stress  interaction,  i.e., 
there  are  no  delay-cycles  at  this  stress  level. 
Similar  relations  are  obtained  for  other  subsequent  stress  conditions 
in  the  histogram. If all  such  equations  are  summed: 
log - - K (sat, Smi) ni ......................(l~) 
where A is  the  final  crack  length. 
A reference  condition  may  be  chosen  to  be  equal  to  one of the  highest 
stress  conditions  in  the  histogram  or  stress  spectrum.  The  length  of  crack 
at  this  condition  that  causes  catastrophic  failure of the structure will be 
designated  by a, , and  the  number  of  cycles  corresponding  to  this  length of 
crack,  Nr , for  constant  stress  testing  at  this  reference  condition.  This 
relation  is: 
"Fatigue  Damage'' will be  defined  to  be  the  ratio  of  these  equations  or: 
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If the relat ion (8-c) i s  substi tuted into the above, then: 
- fio i=1 
The function, C$ , i s  the stress interaction function and may be ei ther  
zero or unity (or possibly greater than unity). It i s  unity i f  there i s  no 
delay in the crack growth when the stress condition i s  changed from a pre- 
vious value. It i s  zero i f  there is  a delay i n  crack propagation, the 
number of delay cycles depending on the previous history of stresses as w e l l  
as the current stress level. Whether or not a previous stress condition can 
ex i s t  that accelerates the crack growth i s  not known. If t h i s  does occur, 
then t h i s  stress interaction f'unction will exceed unity. Conceivably this 
could occur i f  one or  more large compressive half-cycles were present i n  a 
spectrum wherein the other stresses were in   the   t ens i le  range. 
In this current investigation it has been shown tha t  t h i s  quantity $ 
i s  a f'unction of the current equivalent stress level (Sa + b %) as well 
as the prior equivalent stress level. This investigation has been limited 
t o  the case wherein the  pr ior   s t ress   level  has been conducted for  a sufficient 
number of cycles to  es tabl ish a quasi-equilibrium state. The case of one- 
half cycle or a small number of pr ior   s t ress   levels  on the delay-cycles a t  
another stress condition is  ye t   t o  be explored. 
I n  a spectrum of random stresses t h i s  function may be assumed equal t o  
unity on the basis that the change in  s t ress  leve ls  i s  not sufficiently 
l a rge  to  cause any significant delay. This assumption would underestimate 
the  fa t igue  l i fe .  
It i s  t o  be noted that when the mean s t ress  i s  zero in   t he  above cumu- 
la t ive fat igue damage formula, t h i s  formula becomes ident ica l  to  tha t  
proposed by Corten and Dolan (28). The Corten-Dolan theory gave excellent 
correlation with t e s t   r e s u l t s  on four different alloys using various types 
of complex stress histograms, or spectra (29) ,  ( 3 0 ) .  Over 5000 specimens 
were used i n  the investigation of reference ( 3 0 ) .  
However, t h i s  latter investigation w a s  conducted on thin wires and 
indicated that the stress exponent, cy , was  in the order of 5.8 (instead 
of 3.0 found in   th i s   cur ren t  work). It is  suggested that this difference 
i n   t h e  exponent i s  caused by the high stress gradient inherent in the bend- 
ing tests on th in  wires. 
CONCLUSIONS 
This investigation attempts to explore.the variables that influence the 
fatigue limit associated with a crack; to evaluate the parameters in several  
crack propagation formulas; to investigate some of the factors  that  in-  
fluence the stress interaction effect on crack propagation and to   invest i -  
gate how the delay-cycles may be taken into account when a spectrum of 
imposed stresses i s  involved. An attempt has also been made t o  consolidate 
t h e  findings from t h e  several phases of the  study into an integrated approach 
to  the Cumulative Fatigue Damage problem. It should be cautioned tha t  the 
conclusions reached are based on test data obtained from a T i  - 8 A 1  - 1 Mo - 
1 V alloy, and while it i s  believed that the theories can be applied to   other  
alloys, more extensive testing and evaluation of material constants are 
necessary. "he following points summarize the major resu l t s  and conclusions 
tha t  were obtained by statist ical   analysis  of  the  test   data:  
1. Because of a probable discontinuity i n  the form of the  s t ress  f ie ld  
around t h e   t i p  of a crack when crack closure exists during the compressive 
par t  of a cycle, it was found necessary t o  introduce a correction .factor 
( the 7 factor). This correction factor was- found t o  be about 0.4 t o  0.5 
from the  s t a t i s t i ca l  anal sis of: (1) the delay-cycles, (2)  the crack 
propagation rates, and (37 i n  the fatigue limit associated with a crack. 
2. Al phenomena investigated in t h i s  program indicated that an equi- 
valent stress equal to the gross alternating component plus a fractional 
par t  of the gross mean s t ress  was a simple, and reasonably accurate, indepen- 
dent variable for describing these phenomena. 
3. The fatigue limit associated with a crack was found t o  be represen- 
ted reasonably accurately by a simple formula. (Equation 3). 
4. The analysis of these test data suggests that this fatigue limit i s  
dependent on the  s t ress   l eve l  used t o  start the crack. 
5. Several  suggested  empirical, or semi-empirical,  formulas gave good 
correlation with the  rates of crack propagation found for  t h i s  alloy. 
(Equations 8-b and 8-c). 
6. I n  two proposed relations (equations 8-b and 8-c) the experimental 
value of K could not be determined with a high degree of precision because 
of the sparcity of data and scat ter  of test  data. Hence a precise value for 
the stress exponent, a , could not be  determined. The value of 3.0 suggested 
in   t he   l i t e r a tu re  appears t o  be reasonable. 
7. I n  the Neuber type relation for crack propagation rate (equation 
lo), the correlation was limited t o  a res t r ic ted  number of test  points be- 
cause of the nature of the test progr-. A reasonable correlation between 
the  proposed relat ion (10) and the  limited  experhental data was found t o  
exis t .  
8. I n  the study of stress interaction effects,  it was found tha t  
there existed a high correlation between the  equivalent stress corresponding 
t o  the first str ss condition and the equivalent stress i n  the second stress 
condition  for 10 delay-cycles. 
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Figure 1. Axid fatigue specimen. 
Figure 2. Location of apccimsne In ahcet. 
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Figure 4. Specimens and stiffeners assembled in grips in fatigue testing machine. 
Window i n  stiffener penults measurment of crack progression. 
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Figure 5 .  Fatigue testing machine with specimen in place. Camera and electronic 
flash gun in position to monitor crack growth. Electrical timing device 
can be seen at lower left .  
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pigure 6. Composite  photograN illuetrating  typical  result fmm photographic &hod 
of measuring crack progression. Specimen 1-12, Phase 111, fsilure occullpd 
5000 cycles after photo at extreme right. 
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p&ure 12. S-li Curve of T I  8-1-1 alloy sheet  wlth 0.042 in. center 
crack, 20 ksl mean stress.  
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Figure 13. S-IV Curve of Ti 8-1-1 alloy sheet with 0.- in. center 
crack, 40 ksl wan stress. 
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Figure 14. 5-8 Curve of T i  8-1-1 Uoy sheet  with 0.095 in. center 
crack, 0 k s l  wan stress. 
Figure 15. 9-N Curve of Ti 8-1-1 alloy sheet  wlth 0.095 in. center 
crack, 20 k s i  m e a n  stress. 
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TABLE I 
S!WESS ULEVELS AND CYCLES REQUIRED FOR GENERA!MON OF CRACKS OF SPECIFIC LENGIllfI 
USED FOR SUBS%QUEWT !IESTING IN PRASE I AND PHASE I1 
Nominal 
Crack 
Length 
0.020 
0.042 
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Specimen 
A-13 
B-13 
D -7 
F-4 
F -12 
1-4 
1-9 
5-6 
K-2 
M -1 
"5 
M -6 
"10 
N -11 
N-14 
A-2 
A-5 
A-6 
B -7 
B -8 
B -11 
C -6 
c -7 c -10 
c-12 
D -12 
E -1 
E -2 
E -10 
E -14 
F -1 
F-5 
F -12B 
G -12 
G-4 
G -7 
G -9 
R-3 
H-9 
I -1 
1-7 
I -8 
J-1 
5-2 
G -10 
J-9 
K- 5 
J-10 
L -6 
K-11 
L -14 
M -9 
N -9 
N -2A 
Area 
Inches2 
0.041 
0.042 
0.044 
0.042 
0.042 
0.043 
0.043 
0.043 
0.043 
0.040 
0.043 
0.044 
0.043 
0.043 
0.041 
0.040 
0.043 
0.044 
0.044 
0.043 
0.043 
0.043 
0.044 
0.043 
0.042 
0.042 
0 * 039 
0.041 
0.043 
0.041 
0.043 
0.044 
0.042 
0.042 
0.043 
0.044 
0.044 
0.043 
0.043 
0.044 
0.044 
0.043 
0.042 
0.043 
0.043 
0.043 
0.043 
0.042 
0.044 
0.042 
0.044 
0.043 
0.043 
0.039 
Cycles d 
Approx. 
65*50 Ksi 
14,000 
12, OOO 
11,000 
17,000 
19, Ooo 
15,000 
11,000 
12,000 
9, CQO 
13,000 
11,000 
23, ooo 
15,000 
27,000 
13,000 
14,000 
ll, 000 
9,000 
11,000 
12,000 
12,000 
13,000 
10 , 000 
12,000 
9,000 
15,000 
13,000 
ll, 000 
Approx. 
Cycles Q 
60*40 Ksi 
14, OOO 
13, 000 
15,000 
13,000 
14,000 
14, Ooo 
18,000 
9,  000 
15,000 
16,000 
12,000 
9,000 
14,000 
14,000 
See F-12 
Above 
7, 000 
12,000 
4,000 
13,000 
17,000 
12,000 
12,000 
12,000 
17,000 
17,000 
Crack 
Length 
Inches 
0.0123 
0.0128 
0.0107 
0.0160 
0.0133 
0.0118 
0.0096 
0.0139 
0.0096 
0.0091 
0.0123 
0.0134 
0.0107 
0.0118 
0.0080 
0.0080 
0.0086 
0.0160 
0.0165 
0.0182 
0.0192 
0.0176 
0.0182 
0.0171 
0.0155 
0.0123 
0. o n 8  
0. o n 8  
0.0106 
0.0177 
0.0134 
0.0246 
0.0123 
0.0160 
0.0214 
0.0193 
0.0214 
0.0240 
0.0134 
0.0123 
0.0155 
0.0214 
0.0187 
0.0161 
0.0198 
0.0262 
0.0118 
0.0225 
0.0182 
0.0171 
0.0160 
0.0176 
Cycles B 
Approx. 
50230 KsJ 
12,000 
8, CQO 
22, OOO 
6,000 
ll-,o@J 
12,000 
8, 500 11, 000 
7, ~ 0 0  
20,000 
u, 000 
9,000 
9,000 
11,000 
25,000 
T 
34,000 
19, 000 
16,000 
21,000 
18,000 
22,000 
11 , 000 
8,000 
12,000 
8,000 
7,000 
9 y 500 
9,000 
23,000 
23,000 
31,000 
9, oom 
24, O W  
7,000 
15,000 
15,000 
11,000 
18,000 
6,000 
23,000 
10,000 
12,000 
25,000 
19,000 
12,000 
13,000 
15,000 
14,000 
15, ooo 
10,000 
16,000 
12,500 
14,000 
13,000 
Final Crack I 
Length 
Front 
0.01% 
0.0187 
0.0224 
0.0203 
0.0219 
0.0209 
0.0230 
0.0203 
0.0193 
0.0193 
0.0161 
0.0198 
0.0219 
0.0193 
0.0214 
0.0428 
0.0422 
0.0433 
0.0417 
0.0406 
0.0401 
0.0428 
0.0417 
0.0412 
0.0455 
0.0321 
0.0412 
0.0353 
0.0460 
0.0406 
0.0449 
0.0278 
0 .Ob23 
0.0423 
0.0417 
0.0412 
0.0428 
0.0439 
0.0423 
0.0428 
0.0417 
0.0401 
0.0444 
0.0417 
0.0423 
0.0433 
0.0423 
0 .Oh21 
0.0433 
0.0412 
0.0423 
0.0423 
0.0428 
0.0396 
Inches 
Back  Remarks 
0 . 0 ~ 5  
0.0195 - 
0.0251 
0.0198 
0.0321 
0.0230 
- 
- ,  - 
0.0210 
0.0299 
0. Olgo 
0.0226 
0.0190 
0.0284 
0.0374 
0.0353 
. -  
- 
0.0321 
0.0314 
0.010" Hole 
0.010" Hole - 
1 - ,  
0.0492 - 
0.0535 
0.0422 
0.0439, 
Eloxed hole run 
only @ 50230 K s i  
cycles as F-12 
0.0385 * Includes 11,000 
- 
0.0391 
0.010" Hole  0.0401 
0.010'' Hole 0.0385 
1 
0.0465 
0.0305 
0.0294 
0.0359 
- 
- 
- 
f I  
0. oc281 
Vominal 
Crack 
Length 
TABLE I - Continued 
S'IRESS LEVELS AND CYCLES mQUJRED FOR GENERATION OF CRACKS OF SPECIFIC LENGTH 
USED FOR SUBsEQvENT TESTIIiG IN PHASE I AND PHASE I1 
Specimen 
A -1 
A - Y  
A-12 
A -14 
B-2 
c -1 
c -2 
c -3 
D -6 
D -11 
D -13 
E -6 
E-8 
E -11 
F -2 
F -10 
G-2B 
G -3 
G-5 
G -13 
G-14 
H -2 
H-4 
H-6 
I -6 
1-11 
1-13 
5-3 
5-4 
K-3 
K-5B 
K-9 
K-4 
K-13 
L -1 
L -7 
L-10 
L -ll 
L -12 
L -13 
M-4 
"14 
N -2 
N-2AB 
-7 
* 
Area 
Inches2 
0.041 
0.043 
0.043 
0.042 
0.042 
0.044 
0.042 
0.042 
0.044 
0.043 
0.041 
0.043 
0.044 
0.041 
0.043 
0.043 
0.042 
0.042 
0.043 
0.043 
0.041 
0 .Oh2 
0.043 
0.044 
0.043 
0.0435 
0.042 
0.043 
0.043 
0.042 
0.043 
0.043 
0.042 
0.042 
0.042 
0.0435 
0.043 
0.043 
0.042 
0.042 
0.042 
0.041 
0.042 
0.043 
0.043 
Cycles @ 
Approx . 
65+50 K s i  
u, 000 
14,000 
u,w 
10,000 
12,000 
12,000 
u, 000 
171 000 
12,000 
9,000 
15,000 
See G-2 
Above 
15,000 
4,000 
21,000 
13, ooo 
9,000 
18,000 
11,000 
9, mo 
See K-5 
Above 
10, OOO 
9,000 
24,000 
ll, 000 
13,000 
15,000 
See N-2A 
Above 
12,000 
0.0107 
0.0470 
15,000 
0.0385 
0.0134 
0.0150 
0.0166 
0.0321 
0.0177 
0.0358 
0.0118 
12,000 0.0182 
0.0144 
0.0299 
17, ooo 
15,000 
13,000 
0.0123 
0.0261 
0.0385 
0.0347 
0.0443 
0.0417 
0.0160 
0.0592 
0.0128 
0.0176 
0.0139 
0 0 0279 
0,0155 
0.0112 
0.02l4 
23,000 0.0214 
18,000 0.0107 
0.0182 
0.0112 
0.0225 
0.0428 
:yclee @ 
Approx. 
jOk30 K s i  
r Final Length 
-Fzz 
0.0947 
0.0947 
0.0947 
0 0979 
0.0845 
0.0915 
0.0952 
0.1043 
0.0903 
0.0984 
0.0807 
0.1022 
0.0958 
0.0963 
0.1081 
0.0942 
0 - 0973 
0.0947 
0.0909 
0.0952 
0.0915 
0.0942 
0.0930 
0.0923 
0.0920 
0.0936 
0.0918 
0.0958 
0.0995 
0 - 0979 
0.0952 
0.0942 
0.0958 
0.1091 
0.0910 
0.0947 
0.0931 
0.0931 
0.0952 
0.0925 
0.1043 
0.0952 
0.1022 
0 .lo06 
Crack 
Inches 
Back 
0.0754 
0.1017 
0.1054 
0.1017 
0.0866 
0.0925 
0.0894 
0 - 0717 
0.0824 
0.0984 
0.1086 
0.0866 
0.0936 
0.0936 
0.0898 
0.1091 
0.0696 
0.0920 
0.0920 
- - 
0 ~ 2 0 4  
0.0819 
0.1139 
Remarks 
*Eloxed hole run 
only at  50k30 
*Eloxed hole run 
only at 5OW 
*Eloxed hole run 
only at 50+30 
*Includes 7000 
cycles as G-2 
{Eloxed hole run 
only a t  50+30 
0.010'' Hole 
0.010'' Hole 
iEloxed hole run 
only a t  50+30 
{Eloxed Hole run 
only a t  50+30 
BIncludes 14,000 
cycles as K-5 
{Eloxed Hole run 
only a t  50+30 
{Eloxed Hole run 
only a t  50+30 
*Includes 14,000 
cycles as N-2A 
* Vendor marked two specimens a s  N-2. One was arbitrari ly called N-2A. 
" 
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FATIGUE DATA FOR SPECIMENS WITH SPECIFIC CRACK LENGTHS TESTED BY STEP TEST METHOD 
T i  8 Al - 1 Mo - 1 V Alloy Sheet Tested A t  Various Mean Stresses 
-. . - - - 
Starting 
-. 
No. .Of 
Crack Alternating Alternating  Stress K s i  Mean 
Specimen St ress  S t ress  Increment S t ress  Length 
Number Remarks Steps Final Between Steps  Star tK s i  Inches 
F-5 0 * 0353 Failed after 163,000 cycles 7* +33 3 515 0 
a t  +33 ks i  
c -1 Fai led   a f te r  938,000 cycles w +32 2 +la o ' 0.0915 
a t  +32 ks i  
K-9 Grip f a i l ed   a f t e r  1,220,000 5- +32 2 +24 0 0.0928 
cycles a t  f32 ks i  
cycles a t  +36 ks i  
J-3 Grip fa i led  a f te r  3,254,000 @ +36 2 1-26 o 0.0918 
L -7 +30 2 0 0.0910 
a t  34 ks i  
Fai led af ter  20,000 cycles 
a t  +36 ks i  I G - 2  f32 2 +36 0 0.0952 
"14 
-___ - 
0.1091 Fai led  af ter  187,000 cycles 7* f26 2 +14 20 
a t  t26 k s i  
0.0915 Fai led af ter  7O,OOO cycles at  5* f26 ,I 2 +18 20 +26 ks i  
0.0936 Fai led af ter  2,969,000 cycles TC 2 ) f24 f20 20 
a t  f24 ks i  
0.0925 Fai led af ter  99,000 cycles 1 +22 - k22 20 
a t  f22 ks i  
0.0925 Fai led af ter  8,284,000 cycles 5* +6 f 2  1 1 40 
I at +6 ks i  due t o   t e n s i l e  
I overload 
K-13 Fai led af ter  112,000 cycles 9y f13 1 +5 40 0.0958 
a t  13 ks i  
A-12 Fai led af ter  316,000 cycles 1 +6 - +6 40 0.0947 
a t  +6 ks i  
L-IO Fai led af ter  38l,OOO cycles 1 +6 - +6 40 0.0947 
a t  +6 ks i  
E-11 Failed af ter  36,000 cycles 1 f12 - f12 50 0.0963 
a t  +12 k s i  - 
I -6 Fai led af ter  16,000 cycles 1 +la - +x3 50 0.0926 
a t  +I8 ks i  
* 5 x 106 cycles before raising to higher stress level.  
+Y 10 x lo6 cycles before raising to higher stress level.  
TABLE I11 
FMIGUE DATA FOR SPECSMEXS WITH SPECIFIC CRACK TBWCEE, TESTS CONDUCTED BY CONVR$TtONkL MFtTHODS 
T i  8 Al - 1 Mo - 1 V Alloy Sheet Tested A t  Various Mean and Alternating Stresses 
T Nominal 
Crack 
Size,In 
0.020 
0.042 
Actual 
Front 
Crac 
In. 
0.0193 
0.0198 
0.0209 
0.0219 
0.0198 
0.0219 
0.0203 
0.0161 
0.0203 
0.0193 
0.0214 
0.0193 
0.0230 
0.0224 
0.0187 
0.0433 
0 .Ob17 
0.0417 
0.0417 
0.0444 
0.0449 
0.0428 
0.0428 
0.0439 
0.0423 
0.0412 
0.0412 
0.0421 
0.0406 
0.0433 
0.0433 
0.0423 
0.0401 
0.0428 
0.0423 
0.0422 
0.0421 
0.0455 
0.0423 
0 .Ob23 
0.0417 
0.0406 
0 .Ob12 
0.0460 
0.0417 
0.0396 
0.0401 
0 .Ob12 
0.0423 
0.0428 
0.0428 
0.0321 
0.0278 
Size 
Back 
In. 
0.0226 
0.021: 
0.0321 
0.01gc 
0.019: 
0.01gE 
0.021c 
0.01gc 
0.023~ 
0.0251 
0.0295 - - - - 
- - 
0.0391 
0 - 035s 
0.0492 
0.0439 
0.0284 
0.0422 
0.0465 
0.0305 
0.0294 
- 
- - 
0.0428 
0.0353 
0.0433 
0.0314 
0.0321 
- 
- 
0.0385 
0.0374 
0.0428 
0.0535 - - - - 
0.0385 
- 
0.0401 - - - - - 
T 
jpecirner 
N-11 
A-13 
B -13 
1-9 
N-14 
1-4 
M-6 
"5 
J-6 
F-4 
"10 
F-12 
D -7 
"1 
K-2 
L -6 
B-8 
G-4 
I -7 
J-1 
D-12 
E -14 
A-2 
c -10 
E -10 
H-3 
H-9 
E -1 
L -14 
K-11 
C -6 
B -7 
J-10 
"9 
c -7 
G - 1 0  
F-l2B 
A-5 
K - U B  
E -2 
K-5 
G-2 
5-2 
B -11 
G-7 
A-6 
c -12 
G-9 
1-8 
F -1 
J-9 
N-9 
1-1 
Gro s s 
Mean 
Stres, 
K s i  
0 
0 
0 
0 
0 
0 
20 
20 
20 
20 
20 
40 
40 
40 
40 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
1_ 
Alternating 
Gross 
Stress Ksi 
+36 
c36 
+36 
+37 
+38 
+40 
'23 
f23 
+25 
f26 
f28 
+13 
f l 4  
f16 
220 
'33 
f34 
+34 
+-34 
f35 
235 
+36 
+36 
+36 
+38 
f40 * 40 
+21 
+22 
f23 
+23 
+23 
+24 
224 
+26 
+30 
+30 
+26 
+33 
233 
+6 
+-lo 
fll 
fll 
+12 
f12 
k13 
+13 
+13 
+14 
9 4  
+16 
+18 
To S t a r t  I 
Kilocycles 
z.3" Growth Failure 
: igo  
/ 132 
279 
6,021 
462 
127 
176 
77 
7,220 
65 
182 
26 
Remarks 
Broke i n  Grip-No Growth 
11 
1 
,I 
Broke i n  Grip-No Growth 
1 
Did not f a i l  
D i d  not fa i l  
D i d  not fa i l  
Did not fa i l  
D i d  not fa i l  
D i d  not f a i l  
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TAB= I11 - Continued 
FATIGUE  DATA FOR SPECIMENS WITH SPECIFIC  CRACK LENGTHS, TESTS CONDUCTED BY CONVEXlTONAL METHODS 
Ti 8 Al - 1 Mo - 1 V Alloy Sheet Tested A t  Various Mean and Alternating  Stresses 
T Nominal 
Crack 
Size,In 
0.095 
A c t u a l  
Crac: 
Front 
In. 
0.0918 
0.0910 
0.0952 
0 * 0979 
0.0952 
0.1022 
0.0952 
0.1022 
0.0807 
0.0947 
0 - 0995 
0.0984 
0.0952 
0.0947 
0.0915 
0.0936 
0.0925 
0.0909 
0.0930 
0.0942 
0.0947 
0.0920 
0.1006 
0 -0979 
0 .Og42 
0.1081 
0.0958 
0.0958 
0.0947 
0.0947 
0.0903 
0.0845 
0.0931 
0.1043 
0.0931 
0.1043 
0.0942 
0 - 0973 
0.0958 
Size 
Back 
In. 
- - - 
0.0696 
0.0819 
0.0894 
0.1139 
0.0925 
0.0754 
0.1091 
0.0866 
0.0920 
0.1017 
- 
_ -  - - 
0.0866 
0.0898 
0.0936 
0.1086 
0.0936 
0 ~ 2 0 4  
0.1054 
0.094 
0.0824 
0.0920 - - 
- 
0.1017 - - - - - 
0 07l7 
T 
3pecimen 
J-3 
L -7 
c -2 
5-4 
M-4 
E -6 
N-2AB 
N-7 
D -13 
A-1 
1-13 
D-11 
K-4 
A-11 
G -14 
I -11 
M -14 
G -5 
H-5 
G-3 
H-4 
H-2 
L-13 
A-14 
F -10 
F -2 
K-3 
K-13 
A-12 
L -10 
D -6 
B -2 
L -12 
c -3 
L -11 
N-2 
G -2B 
K-5B 
E-8 
Gross 
Mean 
St ress  
K s i  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Q 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
T 
Gross 
Alternatine 
S t ress  Ksi  
+26 
+32 
+32 
+33 
+33 
+34 
234 
+34 
+36 
+36 
+38 
+38 
+40 
9.8 
S O  
f22 
+22 
+24 
+24 
+24 
+26 
+30 
+26 
+30 
+30 
+33 
+33 
+5 
+6 
+6 
+8 
+8 
+10 
210 
+lo 
5 2  
212 
f12 
+14 
Kilo1 
To start 
O f  Crack 
Growth 
zles 
To 
Pailure 
T 
Remarks 
Did not fa i l  
Did not fa i l  
Did not fail 
Failed at Bolt Hole 
Did n o t   f a i l  
Did n o t   f a i l  
Did n o t   f a i l  
Did n o t   f a i l  
RAIE: OF  CRACK PRIXRESSION FOR Ti - 8 A 1  - 1 Mo - 1 V ALLGY SREET 
TABLE IV 
STARTING CRACK m G 5 I  - 0.042" NOMINAL TZSleD AT' 0 MEAN SplESS AND VARIOUS  AL!l!EFtNATUG :
Specimen G-4 
0 * 3 4 W  
Specimen 1-7 
0 f 34 KSI 
Specimen J-1 
0 f 35 KSI 
Cycles LengthJn. x Crack A= 
19.800 0.042 
0 0.042 
Cycles LengthJn. 
0 0.042 
Crack A- 
Length,In. 
Crack b a  
o .036 
0.036 117,000 0.042 
m,800 0.048 
120,600 0.051 
122.400 0.012r 
0.044 
0.0641 
0.050 
0.078 
0.W4 
0.114 
0.133 
0.1801 
0.155 
0.203 
0.225 
0.255 
0.- 
0.276 
0.312 
0.339 
0.364 
0.405 
Failed 
0.605 
0.041 
0 .043 
0.04-p 
0.072 
0 .lo1 0.00004723 
0.146 
0.222 
O.oooO2446 
.ooo01896 
In Grip 
170,000 Extrapolated 
Failure  Value 
The  values of A x  is 
A W  
obtained  from  interval 
between  asterisks. 
- .. 
0 .00002171 
Average of 
2 slopes 
.00002446 
.00001896 
Specimen 0-12 
0 * 3 5 m  
Specimen E-14 
o f 36 KSI 
Specimen A-2 
0 f 36 KSI 
Cyclea Length,In. b N 
Crack b~ 
Cycles Length,In. 
Crack b x  
Cyclea Length,In. x Crack b- 
0 0.045 0 0.044 
14,400 0.044 
16,200 0.045 
19,800  .072  0.00004823 
18,000 0.05~ 
21,600 0.088x 
23,400 0 .lo9 
25,200 0 .l38 0 .00005689 
27 000 0.178 
28:800 .226 
32 400 0.384 
34:200 0.519 
35,000 Failed 
30,600 o .295 
Average of 
2 Slopes 
0.00005156 
0 0.043 
28,800 o .ob9 
30.600 0.067 
27,000 0 .Ob? 10,800 0.043 
12,600 0.044 
14.400 0.049f 
32;400 0 .CaB 
34 200 0 .lo7 
36:OOO 0.134  0.00005245 
37,800 0.164 
39,600 0.204 
lr1.400 0.2551 
16:200 0.058 
i6;OOO 0.073 0.00004782 
19,800 0.088 
21,600 0.107 
25,200 0.172 
30:600 0.31~ 
32, 400 0.501 
23,400 0.132r 
27 000 0.222 o~0000~362 
28'800  .291 
74.000 Failed  Averaae of 
43; 200 0.3% 
45 000 0.405 
46'800 0.544 
48:OOO Failed 
Specimen E-10 
O ?  3 8 m  
Specimen H-9 
o * . l r o r s r  Specimen H-3 0 * 4 O X s I  
Cycles Length,In. 3 
Crack b a  
Cycles Length,In. 
Crack A X  
Cycles Length,In. 
Crack A 3  
0 0.0465 
18,000 0.042 
0 0.042 
20 700 0.0511 21:- 0.056 
25 200 0.079 
23,400  .065  0.00004202 
26:100 0.0861 
19,800 0.048 
27,000 0.0% O.oooO5llO 
28,800 0.115 
30,600 0.150 O.ooOo59~ 
32,400  .194* 
34,200  .251 
36.000 0.329 
0 .042 
0.042 
0 .046 
0.062 
0.072X 
0 .OR2 
0 -105 
0 .I32 
0 .In 
0.221 
0 . 2 9  
0 -3761 
0.514 
Failed 
0.00005521 
42.900 0.1201 
io; 500 0 .lo11 
0.00006133 
O.ooOo4708 
?I;800 0-435 
39,600 0.648 40.000 Failed  Average of Average of 2 Slopes 
O.ooOo5115 2 Slopes o.oo0o5uo 
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TABLE v 
RA!D3 OF CRACK PROGRESSION FOR n - 8 Al - 1 hb - 1 V ALLOY SHEET 
l Z S 5 D  AT 20 KSI MEAN S-S AND VARIOUS A L E R N A T I N G  S53ESsES 
STARTING CRACK LENGW 0.042" NOMINAL 
- 
Specimen E-7 
20 f 23 KSI 
Cyclea Length,In. 
0 0.043 
Crack A x  
126,000 0.045 
129.600 0.048 
127,800 0.044* 
1 ~ ;  400 
133,200 
135.000 
140 : 400 
142,200 
149,400 
153 000 
156:600 
136 800 
0.052 
0.055 
0.059 
0.072 
0.063 0.00001656 
0.076 
0.099 
0.114 
0.133 
1&'200 0.13 
165:600 0.214 
171.000 0.257 
174;600 0.376 
176,400 0.465 
177,000 Failed 
Specimen C-10 
20 * 26 KSI 
Cycles Length,In. bN 
Crack A l o g l  
40,500  0. 43 
0 0.043 
45,000  0.044 
53,000 0.060 0.000008053 
72,000 0.07% 
31,900 0.100 
32.700 0.108 
54,000 0.05% 
31,000 0 . 0 9 ~  
30;000 o.1kp 
30,900 0.180 
31.800 0.200 
39;OOO 0.47c 
10,350 0.628 
11,000 Failed 
Specimen A-5 
20 2 30 KSI 
:ycles Length.1". 
Crack A x  
0 
.8,000 
!0,250 
!6,100 
-7,900 
!8,800 
!9,700 
11,500 
14,200 
14,650 
15,000 
!2,500 
5,200 
;7,000 
0.042 
0.042 
0.051 
0.099 
0.066* 
0.114 0.00006563 
0.132 
0.148 
o.In* 
0.200 
0.270 
0.468 
Failed 
0.517 
Specimen C-6 
20 * 23 KSI 
Cycles Length,In. x Crack A M  
0 0.041 
32,400 0.042 
36,000 0.044* 
43'200 0.070 
46:800 0.08& 
54:OOO 0.158 0.00003956 
50 400 0.1x) 
57 600 0.23oX 
61:200 0.356 
39 600 0.055 0.00002695 
64.800 0.646 
65;000 Failed Average of 
2 Slopes 
0.00003326 
Specimen C-7 
20 * 26 KSI 
Length,In. 
Crack A x  
18,000 0.034 
24,750 Omo5O 0.00004297 
22,500 0.040, 
27,000 0.064 
29,250 0.078 
31,500 0.104 
33,750 0.135 0.00005380 
36,000 0.18W 
38.250 0.243 
o 0.031 
20,250 0.035 
40.500 0.336 
42:750 0.498 
44,000 Failed Average of 
2 Slopes 
0.00004839 
Specimen K-118 
20 f 33 KSI 
Cycles Length,In. bN 
Crack A M  
0.043 
0.043 
0.064* 
0.096 
0.109 
0.126 o.00006637 
0.145 
0.165 
0.192 
0.253 
Failed 
0.512 
0.20& 
Specimen M-9 
20 f 24 KSI 
I C y c l e s  
0 
, 81,ooo 
90,000 
I 91,800 
I 97,200 
! 102,600 
101,800 
106, zoo 
104,400 
Length,In 
Crack 
0.043 
0.043 
0.052 
0.074 
0.056* 
0.101 
0 .139  
0.164 
0.193 
0.229 
0.513 
0.404 
Failed 
0.089 
0.1% 
. A N  A X  "
0.00002012 
o.ooo04015 
mis slope 
used 
i 
1 
Specimen F-la 
20 f 30 KSI 
Cycles Length,In. hN 
Crack A M  
4.950 0.042 
0 0.042 
0.045 
0.07P 
5; 400 
9, 000 
10,800 0.095 
11,700 0.110 
13,500 0.141 
14.400 0.162 
12,600 0.123 0.00006420 
?8;000 0.284 
21,150 0.530 
21.600 0.620 
22; 000 Failed 
Specimen E-2 
20 * 33 KSI 
Cycles Length,In. bN 
Crack A- 
2,250 0.045 
4,503 0.068x 
0 0.045 
5,850 0.094 
7,650 0.142 0.0001043 
6,750 0.116 
8,550 0.176 
10,350 0.274 
11,250 0.344* 
12,150 0.446 
13,050 0.538 
13,000+ Failed 
9,450 0.219 
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p 
TABU 
RA!TE OF CRACK PRffiRESSION ZDR Ti - 8 Al - 1 Mo - 1 V ALLOT SHEET 
TESm AT hC K S I  MEAN SlRESS AND VARIOUS ALTEfWATUiC SlRESSES 
STARTINC CRACK =El 0.042" N O K N A L  
LengthJn. 
Crack A x  
0.042 
0.042 
0.053 
0.095x 
0.109 
0.125 
0.142 O.oooO1604 
0.184 
0.162 
~" ~- 
Specimen  G-7 
40 * 12 KSI 
Cyclea Length,In. bN 
Crack A x  
9,000 0.041 
0 0.041 
18.000 0.0119 
27;000  0. 52 
36,000  . 7p 
45J000 0.00001024 
54,000  0.113 
63.000 o . 1 W  
72;OW 0.236 
87,000 Failed 
81,000 0.401 
____. "" - 
Specimen J-9 
40 i 14 KSI 
Length.In. bN 
Crack 
0.042 
0.042 
0.047" 
0.067 
0.100 o.oooOl8n 
0.107 
0 . l l F  
0.141 
0.127* 
0.175 
0.2lB 
0.194 
0.294 
0.511 
0.559 
0.160 o.oooo~60~ 
0.619 
Failed Average of 
0.00002242 
2 Slopes 
Specimen B-11 
40fllKSI 
Cyclea Length,In. bW 
Crack A x  
18.000 0.04W 
0 0.041 
36;WO 0.050 
54,000  . 61  .003334749 
72.000  0. 74* 
go; 000 0.101 
91.800  0.1 5* 
93;600  0.116 
97,200  0.122  .00001275 
100,800 0.138 
104,400 0.15- 
108 000 0.172 
111:600 0.193 
ll51200 0.226 
126;OW 0.353 
135,000 0.583 
137,000 Failed 
Specimen  C-9 
40 f 13  KSI 
Cycles Length,In. bN 
Crack A M  
5,400 0.040 
0 0.040 
7,200 0.042 
14.400 0.050 
10,800 0.044 
16;200 0.051* 
18,000 0.054 
21,600  0. 59  .00001432 
25,200 0.068 
28,800 0.077 
30,600 0.08~ 
36,000 0.102 
39,600 0.120 
32,400 0.088 
41,400  0.13W 
43 200 0.141 
h6:800  0.172 .00002293 
50,400  0.2 9 
58,200  0.231* 
54,000  0.259 
57,600  0.328 
61,200 0.418 Average of 
64,800  .577 2 Slopes 
66,000  Failed  0.00001863 
Specimen N-9 
40 f 16  KSI 
Cycles Length,In. 
Crack A x  
4,500 0.050 
9,000 0.077 
0 0.043 
ll,700 0.0gw 
12.600 0.104 
13;500 0.W 
14,400 0.120 
15,300  0.130 
16,200  0.139 .00003394 
17,100  0.149 
18.000 0.160 
18;WO 0.172 
19,800 0.185 
20,700 O.l@ 
22.500 0.292 
27: 000 0.3148 
30;  600 0. $23 
31,500 0.608 
32. 000 Failed 
Specimen A-6 
40 f 12 KSI 
Cycles LengthJn. 
Crack A- 
0 0.046 
18,033 0.059 
30,600 0.099 
32.400 0.104 
19,800 0.063 
?4: 200 0.110 
0.117 
0.139 
0.129 
0.152 
0.164* 
0.177 
461800 0.192 
48;m 0.2i)g 
63'000 0.480 
54 000 0.275 
64:800 0.548 
66;OOO Faiied 
0.00001805 
Specimen 1-8 
40 f 13 KSI 
Cycles Length,In. bN 
Crack A X  
18,000 0.044 
0 0.040 
34,200 0.08y 
36,000 0.091 
37,800 0.097 
41,400  0.113 
39,600  0.1 5 
45,000  .134  .00001969 
43,200  0.123 
46,800 0.146 
48,600 0.158 
50;400 0.172 
52,200 0.186 
55,800 0.221 
71,200 0.543 
72.000 0.722 
54,000 0.200 
72;OOO  Faiied 
Specimen 1-1 
40 2 18 KSI 
Cycles Len&h,In. 
Crack A- 
0.043 
0.043 
0.0w 
0-057 
0.069  O.ooOo1705 
0.082 
0.08Y 
0.099 
0.101 
0.110 
0.118 
29;700  0.125  .00003258 
31.500 0.140 
30,600  .131  Slope  used 
34,200  0.175 
40'500  .325
36' 000 0.204 
44:550  0. 94 
45,000  Failed 
35 100 0.185 
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TABLE VI1 
RATE OF CRACK P R E R E S S I O N  FOR lY. - 8 Al - 1 Eb - 1 V ALLOY SHEET 
TESW A!T 0 MEAN SlRESS AND VARIOUS ALTERNA!l’JX SmSSES 
STARl7r.W C F M K  IEWEi 0.095” NOMINAL 
Specimen M-4 
0 * 33 KSI 
Cycles Length,In. 
Crack A M  
21,600 0.095 
0 0.095 
23,400 0.100 
25.200 0.143 
2i;ooo 0.177 
28.800 0.220 
30;600 0.275 0.00005379 
32,400 0.350 
34.200 0.423 
36.000 0.541” 
38:OOO Failed 
Specimen D-13 
0 * 34 K S I  
Cycles Length,In. 
Crack h log I 
0 0.0925 
21,600 0.0525 
23,400 0.095 * 
27,000 0.142 0.00005093 
25,200 O.U5 
28.800 0.176 
30;600 0.221* 
32,400 0.277 
34,200 0.348 
37,800 0.598 
39,000 Failed 
36,000 0.448 
Specimen D-11 
0 f 38 KSI 
Length,In. 
Crack 
0 0.098 
1,350 0.110 
900 0.163 
1.800 0.116 
2:250  0.124* 
0.134 
0.148 
0.162 
0.176 0.00008978 
0.194 
0.212 
0.232 
6;300 0.284 
7,200 0.345* 
8,100 0.418 
10,000 Failed 
9;OOO 0.520 
Specimen E-6 
0 * 33 KSI 
Cycles 
0 
63,000 
66,600 
64,800 
70,200 
68,400 
72,000 
73,800 
n, 400 75,600 
81,000 
82,000 
79,200 
Len&h,In. 
Crack 
0.089 
0.105 
0.123 
0.199 0 
0.247 
0.089x 
0.160 
0.298 
0.364 
0.437* 
0.534 
0.681 
Failed 
Specimen A - 1  
0 f 36 KSI 
Cycles Length,In. 
Crack A x  
0 0.095 
27,000 O.&s 
28,800 0.097* 
34,200 0.142 
32,400 0.122 0.00003307 
36,900 0.175y 
30,600 0.105 
36,000 0.163 
37,800 0.191 
39,600 0.225 
41,400 0.274 
43,200 0.330 
45,000 0.410 
46,800 0.518 
49,000 Failed 
Specimen K-4 
0 * 3 8 r n  
Cycles Length,In. bN 
Crack A x  
0 0.095 
1,800 0.095 
2,700 0.100 
9.600 0.114 
0.13W 
0.184 
0.222 0.00008542 
0.318 
0.376x 
0.450 
0.156 
0.263 
11;700 0.554 
13,000 Failed 
Specimen N-7 
0 f 31 K S I  
Cycles Length,In. hN 
Crack A M  
0 0.102 
10,800 0 . l l P  
9,000 0.102 
12.600 0.153 
14;400 0.212 0.00007580 
18.000 0.997x 
16,200 0.290 
19;800 0.538 
22,000 Failed 
Specimen 1-19 
o * 36 KSI 
C y c l e s  Length,In. 
Crack A M  
36,000 0.0995 
0 0.0995 
37,800 0.14W 
38,700 0.162 
36,900 0.112 
39,600 0.187 
40,500 0.215 0.00006712 
41,400 0.245 
42,300 0.278 
43,200 0.320 
44,100 0.371 
45,000 0.426x 
45,900 0.495 
46,800 0.582 
47,000 Failed 
Specimen A - 1 1  
0 + 4 0 K S I  
Cycles Length,In. a Crack A M  
0 0.095 
1,800 0.055 
2 700 0.115 
9:600 0.14W 
4:500 0.178 
5;LOO 0.224 0.00011290 
6,300 0.282 
8,100 0.451* 
7,200 0.359 
62 
Specimen  G-5 
2 0 f 2 2 K S I  
Cycles LengthJn. bN 
Crack A M  
0.087 
0.087 
0.105* 
0.094 
0.123 
0.147  O.ooOo433a 
0.177 
0.212 
0 . 2 5 ~  
0.322 
0.401 
0.542 
.;153;000 Failed 
. -  . . . - . - 
20 f 26  KSI 
Specimen A-2 
Cycles Length,In. 
18,000 0.092 
o 0.092 
Crack A m  
22.500  0. 94 
". ~ -. ~ ." 
Specimen  F-10 
20 5 30  KSI 
Cycles Length,In. bN 
Crack A x  
0 0.094 
27,450  0.044 
27,900  0. 97 
28.350 0.105 
28:860 0.114 
0.119 
0.13OX 
0.147 
0.139 
0.167 
0.156 
0.179 
0.191 
0.203 
0.217 
0.2jl+ 
0.321 
O.ooOo6165 
Specimen 8-4 
20 f 24  KSI 
LengthJn. hN 
Crack A l o g l  
81,ooO 0.138 O.ooOo1309 
81,gOo 0.144 
82,800  0.151 
83,700 0.156x 
84,600 0.1W 
86,400 0.199  0.00003818 
87,300 0.214 
90,000  0.27W 
94,500  .449  Average of 
96,300 0.600 2 Slopes 
97,000  Failed  0.00002864 
85,500 0.180 
Specimen  L-13 
20 5 26 m 
Cycles Length,In. 
18.000 0.101 
0 0.101 
Crack A- 
19; 800 O.lOY* 
21,600 0.120 
25,200 0.199 
23,400 0.160 0.00005152 
27.000  0.242, 
28;800 0.303 
30,600 0.381 
32,400 0.500 
33,000 Failed 
~ 
Specimen K-3 
20 f 33 KSI 
Cycles Length,In. 
Crack A l o g l  
2,250  0.096 
o 0.096 
2,700 0.097 
41500 0.107 
3 600  .099 
9:000  0.199 
10,800 0.266x 
5;goo 0.256 
11 700 0.310 
12:600 0.368 
13;500 0.453 
15,000 Failed 
14,400 0.602 
Specimen G-3 
20 * 24 KSI 
Cycles LengthJn. bN 
Crack A l o g l  
322,600 0.095 
0 0.095 
324,400 O.ll.4 
326,200 0.120 
328.000 0.1321 
329;800 0.154 
33,600  0.189  O.ooOo4407 
333,400  0.226 
335,200 0.268 
337, OOo 0- 329 
138,800 0.405 
3 4 0 , 6 0 0  0.526 
141,000 Failed 
Specimen A-14 
20 * 30 KSI 
Cycles  Length,In. i . 6 N  
Crack Alog I 
9.000 0.098 
0 0.098 
$1900 0.0$9 
15,300 0.197 
16.200 0.229x 
17;100 0.267 
18,000 0.314 
18,900 0.375 
20.700 0.585 
19,800 0.451 
22;OOO  Failed 
Specimen  F-2 
20 * 33 KSI 
Cycles Length,In. hN 
Crack A x  
0 0.108 
2,700 0.108 
3,600 0.114 
4.500 0.120 
6,300 0.146 
5;kOO 0.132 
6,750 0.156x 
8,100 0.193 
7,200 0.168 
9,000  .230  . 0007808 
9.900  0.273 
16;350 0.298 
ll 700 0.404 
12:600 0.538 
13,000 Failed 
Specimen D-6 
J K )  f 8 KSI 
Cycles Length,In. bN 
Crack A l o g l  
181,800 0.090 
189 000 0.100 
196:200 0.108 
203 400 o . n ~ *  
210'600 0.112 
225,000  0.138  0.000005693 
232,200 0.152 
239,400  0.169 
253,800 0.20F 
302,400 0.618 
0 0.090 
217:800  0.125 
246,600 0.185 
270,000 0.274 
288,000 0.393 
304,000 Failed 
Specimen L-12 
4 0 f l O K s I  
Length,In. hN 
Crack A X  
0.093 
0.099 
0.093 
0.112x 
0.119 
0.128 
0.137 
0.146  0.00001265 
0.157 
0.167 
0.178 
0 . 2 m  
0.191 
0.216 
0.247 
0.279 
0.330 
0.389 
0.466 
Failed 
0.595 
I 40 f 12 KSI Specimen G-ZB 
Cycles Length,In. bN 
Crack A X  
0 0.097 
8,550 0.097 
11,250 0.112x 
9,450 0.102 
9,000 0.09 
13;050  0.12  
16,650  0.136 
14,850  0.12  
18,450  0.1 3  0.000 1562 
22.050 0.164 
20,250  0.155 
23;850 0.180 
27,450 0.208 
25,650 o.1W 
36:ooo 0.316 
3 1  050 0.246 
40,500 0.409 
46:OOO Failed 
42 750 0.488 
Specimen E-2 
40 f 8 KSI 
Cycles Len@h,In. 
Crack A M  
0 0.102 
18,000 0.105 
27,000 0.106 
36 000 O.U.2 
451000 O.U.8 
54:ooo 0.1m 
g3;ooo 0.167 
72 000 0.184  0.000005832 
81:ooo 0.208 
90;OOO 0.2hoX 
99,000 0.284 
t08,000 0.344 
U7,OOO 0.427 
130,000 Failed 
~26,000 0.572 
Specimen L-11 
40 f 10 KSI 
Cycles Length,In. 
Crack A M  
0 0.093 
35,100  0.093 
38,250  0.105 
40,050 0.106* 
45,000 0.118 0.000009538 
42,750  0.114 
47 250  0.123 
49:  500 0.130 
54,000  0.144* 
56,250 0.151 
36,000 0.100 
40,500 0.110 
51,750 0.136 
58  500 0.160 
60'750 0.169 
65,250 0.191 
67,500 0.201 
63:OOO 0.181 
72.000  0. 24 
8l;OOO 0.301 
96,000 Failed 
94,500 0.550 
90,000 0.426 
Specimen K-5E! 
40 t 12 KSI 
Cycles Length,In. x Crack A X  
0 0.094 
4,950 O.W4 
5,400 0.095 
7,200 0.103 
10.800 0.117 
9,000 0.1~5 
12;600  0.124 
14,LOO  0.132 
16,200 0.141 0.00001718 
18,000 0.151 
211600 0.ln 
19 800 0.161 
23;400 0.191 
25,200 0.205* 
27,000 0.228 
36,000 0.364 
31,500 0.285 
44,000 Failed 
40,500  0.470 
Specimen C-3 
40 f 10 KSI 
Cycles Length,In. % 
Crack A X  
0 
17,100 
18 000 
21:600 
25 200 
28'800 
32'400 
36:OOO 
39,600 
43,200 
54,000 
45,000 
63,000 
72.000 
0.104 
0.104 
0.1m 
0.118 
0.129 
0.156 
0.140 
0.172 
0.185 
0.204 
0.214* 
0.282 
0.394 
0.615 
0.0000110 
Specimen N-2 
40 f 12 KSI 
Cycles Length,In. & 
Crack A- 
10,800 0.104 
0 0.104 
12.600 0.112 
11+;400 0.121 
16,200 0.129 
18,000 0.136 
19,800 0.145* 
21,600 0.157 
25,200 0.187 
27,000 0.202 
36,000 0.316 
23,400  0.172  0.00 1992 
31,500 0.245 
40,500 0.409 
45 000 0.575 
46:OOO Failed 
Specimen E d  
40 f 14 KSI 
Cycles Len&th,In. x Crack A M  
o 0.096 
3,600 0.096 
8.100 0.1& 
6,300 0.109 
4,050  0.103 
11.700 0.140  0.00002173 
9;900  0.127 
13;500 0.151 
17,100 0.18F 
15,300  0.166 
20,700  0.232 
22.500  0.262  0.00003053 
18,900  0.206 
24; joo 
26,100 
27,000 
27,800 
3,700 
31,500 
32,000 
64 
0.299 
O.&i 
0.3651 
0.394 
0.460 
Failed 
0.560 
Average of 
2 Slopes 
0.00002613 
Gross 
Mean  Stress 
sm KSI 
0 
20 
-x" 
40 
EUIJMAJY OF AVERAGE " CRACK PROPAGA!€!ION RATES 
FOR TITANIUM 8-1-1 ALLOY ."""" -
- 
Gross 
Alternating  Stress 
Sa KSI 
30 
32 
33 
34 
35 
36 
38 
39 
40 
20 
22 
23 
24 
26 
28 
30 
33 
6 
8 
10 
11 
12 
13 
14 
16 
18 
~ _ _  
K x lo6 
(Geometric  Mean) 
32 07 
30 27 
52 01 
36 78 
49 77 
43.48 
61 56 
52.35 
65 -95 
3 1  43 
43 38 
38  094 
47.25 
50.35 
65 03 
78.61 
4.93 
10.31 
14.95 
19.16 
33 * 94 
34 47 
23.46 
2.45 
14.30 
24.20 
N 
Number of P o i n u  
2 
1 
2 
6 
4 
1 
3 
4 
1 
2 
8 
5 
1 
4 
4 
1 
13 
10 
2 
13 
2 
2 
1 
2 
we Single  point  omitted  because  it was found to be out of statistical 
control. 
TABLE X I  
CRACK GENERATION - PHASE I11 
Nomind 
Crack 
Length 
In. 
0.042 
0.095 
Specimer 
A-3 
n-8 
A -10 
B-1 
B-3 
B -10 
B -12 
C -14 
D -9 
D-10 
D-14 
E-5 
H-7 
G -1 
H -11 
H -12 
1-12 
J-5 
J -8 
5-12 
L -1 
"3 
M -7 
N -3 
A-4 
B -4 
B-5 
c -4 
c -5 
C -8 
C -9 
c -11 
D -5 
E -4 
E -12 
E -13 
F -7 
F-13 
G -8 
H-5 
R-13 
1-5 
5-7 
K-7 
K -8 
K-10 
L-3 
L -4 
L-5 
L -8 
M-8  
N -6 
N-13 
P -1 
66 
- 
Area 
In.2 
0.042 
0.044 
0.044 
0.043 
0.042 
0.046 
0.042 
0.041 
0.043 
0.041 
O.Oh3 
0.042 
0.044 
3.042 
3.042 
3.042 
3.043 
3.043 
3.042 
3.042 
3.046 
3.042 
0.043 
3.039 
3.043 
3.043 
3.043 
3.043 
3.044 
3.044 
3.044 
3.043 
3.043 
3.043 
3.042 
3.041 
3.043 
3.044 
3.044 
1.044 
1.042 
1.043 
1.044 
1.044 
1.044 
1.044 
1. 042 
1. 042 
1.043 
1. 043 
1.044 
1.044 
1. 041 
1.041 
- 
Approx. 
2ycles 6 
55250 @I 
12,000 
12,000 
13,000 
10,000 
11,000 
Approx. 
Cycles C 
60k40 KSI 
12,000 
12,000 
16,000 
15,000 
15,000 
9,000 
10,000 
10,000 
17, ooo 
1g,ooo 
16,000 
15,000 
9,000 
13, ooo 
17, ooo 
18,000 
10,000 
9,000 
18,000 
16, ooo 
12,000 
9,000 
8,000 
17,000 
37,000 
15, ooo 
15, ooo 
16,000 
12,000 
17,000 
15, ooo 
11,000 
12,000 
12,000 
11,000 
10,000 
16, ooo 
19,000 
14,000 
31,000 
12,000 
10,000 
12,000 
37,000 
15,000 , 
15, ooo 
18,000 
11,000 
15,000 
Crack 
Length 
Inches 
0.0171 
0.0129 
0.0171 
0.0160 
0.015~ 
0.0144 
0.0235 
0.0214 
0.0134 
0.0176 
0.0150 
0.0128 
0.0166 
0.0176 
0.0155 
0.0134 
0.0224 
0.0241 
0.0134 
0.0160 
0.0230 
0.0166 
0.0160 
0.0144 
0.0176 
0.0080 
0.0150 
0.0144 
0.0214 
0.0246 
0.0322 
0.0107 
0.0134 
0.0171 
0.0363 
0.0171 
0.0198 
0.0225 
0.0150 
0.0176 
0.0123 
0.0134 
0.0134 
0.0155 
0.1104 
0.0171 
0.0150 
0.0118 
0.0118 
0.0208 
0.0139 
0.0160 
0.01p 
0.0123 
Approx. 
Cycles d 
50k30 KSI 
7 9  000 
22,000 
10 500 
10,000 
26,000 
14,500 
5,500 
12,000 
20,000 
14,000 
25,000 
20,500 
11,000 
15,000 
18,000 
8,000 
28,000 
22,000 
7,000 
21,000 
9,000 
18,000 
27, ooo 
26, ooo 
16,000 
20,000 
18,000 
16,500 
28,000 
26, ooo 
27, ooo 
6,000 
13, ooo 
13, ooo 
18,500 
14,000 
9,500 
7,000 
27,000 
15,500 
3,000 
19,500 
17,000 
14,000 
9,000 
- 
9,000 
22,000 
28,000 
14,000 
25,000 
10,500 
21,000 
20,000 
7 Final Crack 
Lend 
Front 
0.0281 
0 - 053: 
0.0371 
0.0401 
0.044: 
0.0401 
0.0441 
0.0401 
0.041: 
0.0455 
0.041: 
0.0445 
0.039C 
0.0455 
0.0455 
0.042: 
0.0401 
0.0396 
0.042f 
0.0444 
0.0444 
0.0417 
0.0401 
0.046~ 
0.0802 
0.096: 
0.076~ 
0.0905 
0.061: 
0.0872 
0.0864 
0.074; 
0.114: 
0.077C 
0.104E 
0.0947 
0 * 0973 
0.0936 
0.0540 
0.0722 
3.0781 
3.0663 
3.0813 
3.0652 
3.0663 
3.0936 
1.1080 
3.0969 
3 - 0995 
3.0845 
3.1104 
3 0973 
3 - 0995 
3 0717 
~- 
1 
In. 
Back, 
0.0455 
0.0353 
0.0518 
0.0321 
0.0363 
0.0455 
0.0439 
0.0401 
0.0482 
0.0246 
0.0561 
0.0353 
0.0422 
0.0299 
0.0455 
0.0455 
0.0423 
0.0390 
0.0428 
0.0412 
0.0947 
0 0775 
3.1017 
0.0952 
0.0310 
0.0321 
0.0460 
0.0406 
3.0926 
3.0609 
3.1145 
3.0952 
3.0920 
3.0969 
3.0888 
3.0893 
3.0995 
3.0920 
3.0910 
3.0989 
1. 0942 
3.0942 
3 .  1163 
1. 0936 
1.0653 
I. 1198 
1.0872 
3.1023 
3.0824 
3.0750 
1. 0923 
1. 0647 
1. 1193 
1.0952 
I 
,010" Hole 
All G r o w t h  @ 60+40 KEX 
TABLE XI1 
PKASE I11 TES'ITNG 
T 1 t Condition  For 
-7 
Crack Conditions For Propagation 0' 
Gross 
Total Stress  Level Stress, Ksi 
' 
A t  This Alternating 
Cvcl es 
12 
86,000 I 107,000 8 
13,000 1 21,000 10 
8,000  8,000
I 
12 16,000 f 16,000 
f 34,000 
10 37,000 i 71,000 
8 18, ooo 
! 
8 j 48,000 
10 j 13,000 
48,000 
61,000 
12 i 24,000 85,000 
i 
I 8 107,000 107,000 
T Cycles To S t a r t  O f  Crack 
Growth 
Negl . 
Negl. 
Negl . 
7,200 
Negl 
Negl . 
21,600 
Negl. 
Negl 
63,000 
Negl 
Negl . 
ation of Crack 
:rack Length 
3 
Start 
:ross Mean 
Stress Ksi End 
. n o  
.140 
Failure 
.128 
.165 
Failure 
.124 
Failure 
,162 
.136 
1-79 ' 
Failure 
I 
- 1 13,000 40 
40 
40 
40 
.098 
.110 
.140 
.086 
.128 
,165 
095 
.124 
.162 
.094 
F-7 13,000 
15,000 
12,000 
12,000 
16, ooo 
27, ooo 
14,000 ! 8;OOO /115,000 .136 l2 10 I 36,000 151,000 i -179 I I 
TABLE X I I I  
DFLAY BEFORE START OF CRACK G R O W  'TI - 8 Al - 1 Ho - 1 V ALLOY SBEET 
STARTING CRACK LEWI'H 0.042 N O K N A L  
Crack  Length 
Original 
In .  
0 -035 
0 -039 
0 .Ob55 
o .044 
0 .Ob3 
0.037 
0.041 
Alternating 
F i r s t  
S t ress ,  KSI 
40 
40 
40 
45 
45 
45 
60 
Crack Length 
Resulting 
In. 
0.036 
o .061 
0.047 
0.057 
0 .0485 
0.054 
0.048 
Alternating 
Second 
St ress ,  KSI 
30 
32 
Delay Before Start 
O f  Crack Growth 
Cycles 
36,000 
1,800 
14.400 
Mean S t r e s  
KSI 
0 
20 
Specimen 
A -8 
H-7 
D-14 
M-7 
C-14 
A-10 
E-5 
5-5 
5-12 
A -3 
D -10 
1-12 
B -3 
B-10 
L -1 
A - 1 2  
G - 1  
N-3 
D -9 
B -1 
A-11 
3-8 
B-12 
M-3 
34 
36 
34 
34 
39 
98 
321,oOO Did Not Gro 
Negiigible 
122.400 
0 .OM5 
0.057 
0.055 
0 -055 
0.0565 
0.075 
0 .a2 
o .065 
18 
20 
24 
20 
22 
24 
28 
24 
35 
35 
45 
35 
45 
45 
55 
55 
0 .Ob0 
0.0455 
0.043 
0 .Ob1 
0 .Oh2 
0.0445 
0.040 
0 .Ob4 
40 0 .Ob55 
0 .Oh1 
0 .Ob0 
0 .Ob0 
0.040 
0.0455 
0.046 
0.044 
o .oh5 
20 
20 
20 
30 
30 
35 
30 
35 
35 
0.055 
0.0495 
0.051 
0.051 
0.053 
0 .Ob9 
0 .om 
o .056 
0.061 
8 
10 
12  
8 
10 
12 
12 
15 
18 
10;aoo 
5,400 
1,800 
1 
* Extrapolated Value 
TABLE 
DELAY BEFORE START OF CRACK GROWTB Ti  - 8 Al - 1 Mo - 1 V ALLOY SHEET 
STARTING CRACK LENGTH 0.095" NOMINAL 
- 
Stres !  
Mean 
KSI 
0 
- 
20 
-40 
- 
I 
I 
Uternat.int 
Second 
stress,  KS: 
33 
30 
31 
33 
34 
36 
38 
30 
33 
33 
38 
33 
38 
16 
20 
24 
20 
24 
26 
24 
28 
10 
12 
12 
10 
10 
8 
10 
8 
6 
8 
8 
8 
10 
8 
8 
12 
:rack  Length 
Resulting 
In. 
0.122 
0.103 
0.121 
0 .I31 
0.119 
0.116 
0.128 
0 .lo4 
0.098 
Alternating 
F i r s t  
S t ress ,  KSI 
40 
40 
45 
45 
45 
50 
60 
60 
60 
rack  Lengtt 
Original 
I n .  
0 -097 
0.0925 
0.087 
0.1145 
0.110 
0 .lo8 
0.094 
o .092 
0.087 
0.096 
0 a095 
0.091 
0 .c94 
0 -094 
0 -0995 
0 .c95 
0.094 
0 e095 
0.094 
o .lo5 
0.086 
0 .098 
0 -095 
0 . a 9  
0 .c92 
0 0995 
o .091 
0 *0995 
0 . o s  
0 a095 
Delay Before Start  Of Crack 
Growth - Cycles 
I, 800 
7,200 
12,600 
21,600 
10,800 
256,000 No Growth 
200,000 No Growth 
360,000 No Growth 
1,548,000 No Growth 
18,000 
1,800 
23,400 
1.800 
225,000 No Growth 
17,000 No Growth-Broke in   Gr ip  
5 c  
" 
" 
"
L
pecimen 
-5 
L-5 
N-13 
c -9 
L -4 
K-10 
"8 
F -13 
E -4 
B -4 
A-4 
1-5 
L -3 
L-3 
H-5 
C - 4  
K - 7  
E -12 
E-13 
K - 8  
B-5 
F -7 
C -ll 
G - 8  
c -5 
N -6 
8-13 
C - 8  
P -1 
3-7 
80 i 0.112 
35 ' 0.105 
35 > o .124 
35 : 0.111 
45 o .I32 
45 
45 1 0.135 0.114 
1.; 800 
7,200 
5,400 
1,200 * Extrapolated 
18,000 
1,800 
Neg1;gible 
50 ! "--i I 
12 , 
12 I 
12 
8 
10 
15 
8 1  
% 
20 
0 .lo9 
o .124 
0.121 
0.161 
0.136 
o .165 
0.110 
o .140 
0.114 
0 .lo6 
0.111 
0.121 
0 17 
0:128 
68 
n 
TABLE XV 
RATE OF CRACK  PROGRESSION FOR T5 - 8 A1 - 1 l& - 1 V ALLOY SHEET 
TES'EXl AT 0 MEAN SIRESS AM) VM1IOUS  ALTERNATING STRESSES 
STARTING CRACK LENGTH - .042" NOMINAL 
Specimen A-8 
Alternating 
Stress, KSI Cycles  Length,In. A N 
Crack A log I x ,6 
40 0 0.035 
30 
2 , d  0.036 
57,600 0.036 
o 0.036 
59.400 0.038 
6i; 200 O.oG6 
63,000 o .051 
64,800 0.066 
68,400 0 .lo0 
66,600 0.084 * 
70,200 0.122 
73,800 0.177 
72,000  .148 45 - 56 
75,600 0.215 
77,400 0.258 
79,200 0 -315 * 
81,000 0 .388 
82,800 0.483 
84,600 0.630 
85,000 Failed 
Specimen D-14 
Stress, KSI Cycles Length,In. A N 
Alternating Crack A log L x ,6 
40 0 0.0455 
34 
6,00@ 0.061 
0 0.061 
1,800 0.061 
3,600 0.066 
7,200 0.070 
9,000 0.084 * 
5,400  .068 
10,800 0.094 
12,600 0.105 
14,400 0.121 
16,200 0.140 * 
30.81 
18, ooo 0.166 
19,800 0.201 
21,600 0.249 
23,400 0.313 
25,200 0.414 
27,000 0 .514 
31.000 Failed 
28,800 0 .630 
B cycles inaccurate because of 
starts and stops 
Specimen €I-7 
Stress, KSI  Cycles Length,In. A N 
Alternating  Crack A log I x ,6 
40 0 0.039 
1 3 , d  0.047. 
32 
36,000 0.047 
0 0.047 
37,800 0.052 
79.600  .056 
63; 200 0.  oio * 
46,800  .089 
50,400 0.114 
54,000 0.148 
61,200 0.253 
57,600 0.191 * 
64,800 0.348 
68,400 0.489 
71,000 Failed 
30.27 
Specimen C-14 
Alternating 
Stress, KSI Cycles Length,In. A N 
Crack A log I x ,6 
45 0 
34 
6,000' 
0 
5,400 
9,000 
10,800 
12,600 
16,200 
18,000 
21,600 
25,200 
27,000 
28,800 
30,600 
36,000 
7,200 
14,400 
19,800 
23,400 
32,400 
34,200 
37,800 
41,000 
39,600 
0.044 
0 -057 
0.057 
0.057 
0.062 
0.064 
0.072 
0.084 
0.077 * 
0 .lo35 
0.094 
0.113 * 
0.128 
0 .144 
o .163 
0 .212 
0.184 * 
0 .282 
0.245 
0 -329 
0 .389 
0 .583 
0.469 
Failed 
23.14 
29.41 
Average  26.27 
TABLE xv - Continued 
RATE OF CRACK PROCRESSION FOR TI - 8 Al - 1 Mo - 1 V ALLOY SREET 
TES!CEll A ! l O  MEAN S'IRESS AND VARIOUS ALTERNATING STRESSES 
STARTING CRACK LENGTH 0.042'' NOMINAL 
Specimen M-7 
Alternating  Crack A log I x 106 
Stress. KSI Cycles Len&h,In. A N 
0 .Oh3 
o .0485 
o .oh85 
0 .Oh85 
0 -051 
0.065 * 
0.0745 
0.084 
0 .og8 
0 .112 
33.09 
0.128 
0.148 * 
0.174 
0.202 
0 -059 
0.238 
0 .r9 
0 .326 
0.386 
0.468 
0 .584 
Failed 
Specimen  E-5 
Alternating  Crack A log I x 106 
Stress, KSI Cycles Length.In. b N 
60 0 
2, 0000 
34 6 
38 
321, 000 
0 
122,400 
124,200 
129,600 
126,000 
136,800 
140,400 
144,000 
147,600 
151,200 
154,800 
162,000 
133,200 
19,400 
165,000 
169,200 
170,000 
0.041 
0 .a48 
0.048 
0.048 
0.048 
0.048 
0.052 
0.060 * 
0.065 
0 .070 8.686 
0 * 073 
0 -079 
0.086 * 
0 .LO3 
0.125 * 
0 -157  30.52 
0.267 * 
0.204 
0 A41 
Falled 
0 .374 
B cycles  inaccurate because of 
starts and stops 
Specimen A-10 
Alternating  Crack A log I x 106 
Stress, KSI Cycles Lendh,In. A N 
45 
39 
9:0@ 
1,800 
3,- 
5,400 
71 200 
10,800 
9, 
12,600 
16,200 
0 
14,400 
17, 000 
0 - 037 
0 .054 
0 .OS4 
0.073 * 
0 .og3 
0.112 
0.140 
52.35 
0 -173 
0.216 * 
0 -275 
0 .356 
0.488 
Failed 
TABLE XVI 
RATE OF CRACK PROGRESSION FOR Ti - 8 A 1  - 1 Mo - 1 V ALLOY SHEET 
TESTED  AT x) KSI MEAN SlRESS AND VARIOUS AL'IERNATINC SlRESSES 
Specimen J-5 
Stress, KSI Cycles Length,In. b N 
Alternating Crack A  lo^ I x ,6 
0 
35 6,000' 
18 0 
10,800 
14,400 
9, 000 
12,600 
16,200 
18,000 
21,600 
25,200 
28,800 
36,000 
39,600 
32,400 
43,200 
46,800 
50,400 
54,000 
52,200 
0.040 
0.0485 
0.0485 
0.0485 
0.050 
0.052 
0.059 
0.067 * 
0.063 
0 * 079 
0.094 20.90 
0.110 
0.134 .It 
0.163 
0.211 
0.268 
0.350 
0.465 
0.558 
Failed 
STAR!ITNC CRACK LENGTH 0.042" NOMINAL 
" 
Specimen 5-12 
Alternating Crack A log I x ,,6 
Stress, KSI Cycles Lenp(th,In. A N 
35 0 
24 0 
3,000@ 
1,800 
3,600 
5,400 
7,200 
9,000 
10,800 
12,600 
16,200 
18,000 
21,600 
14,1100 
19,800 
24,000 
23,400 
0 .Ob3 
0.057 
0-057 
0.061 
0.070 * 
0.082 
0.096 
0.134 * 
0.111 
0.194 
0.162 
0.235 
0.289 * 
0-355 
0.446 
Failed 
0.589 
39 * 17 
46.36 
Average 42.76 
I 
Specimen A - 3  
Alternating Crack Alog I x ,6 
Stress, KSI Cycles Length,In. A N 
35 0 0.0455 
20 
3,000' 0.065 o 0.065 
1,800 0.065 
3,600 0.068 
9,000 0.089 
7,200 0.081 
5,400 0.0715 * 
10,800 0.101 
12,600 0.U4 
16,200 0.149 * 14,400 
0.130 
18, coo 0.176 
19,800 0.208 
21,600 0.239 
23,400 0.285 
25,200 0.341 
27,000 0.416 
28,800 0.525 
31,000 Failed 
29.53 
Specimen D-10 
Alternating 
Stress, KSI Cycles Length,In. A N 
Crack A log I x ,6 
45 0 
3,00@ 
20 0 
7,200 
9,000 
10,800 
12,600 
14,400 
16,200 
18,000 
19,800 
21,600 
25,200 
27,000 
28,800 
23,400 
32,400 
30,600 
34,200 
37,000 
0.041 
0.055 
0.055 
0.055 
0.057 * 
0.067 
0.080 
0.093 
0.106 
0.122 
0.142 
0.162 
0.188 
0 * 219 
0.257 * 
0 -  305 
0.359 
0.542 
0.435 
Failed 
36.34 
TABLE - Continued 
RA!J!E OF CRACK PROGRESSION FOR Ti - 8 Al - 1 MO - 1 V ALLOY SHEET 
TESTED AT 20 KSI MEAN STXJISS AND VARIOUS ALTERNA!ITNG STXJISSES 
STARTING CRACK LENGTA 0.042" NOMINAL 
Specimen 1-12 1 
Alternating  Crack A log I x ,,6 
Stress, KSI Cycles Length,In. A N 
45 
1 , d  0.055 
0 0.042 
22 0 0.055 
19,800 0.055 
21,600 0.057 
23,400 0.059 
25,200 0.073 * 
28,800 0.094 
32,400 0.122 
34,200 0.142 
27,000 0.083 
30,600 0 .lo9 32-30 
36,000  .163 * 
37,800 0.189 
41,400 0.255 
39,600 0.218 
43,200 0.301 
46,800 0.426 
48,600 0.531 
5O,O0O Failed 
45,000 0 .358 
Specimen B-3 
Stress, Km Cycles Lennth, In. A N 
Alternating  Crack A log I x ,6 
0.0565 
0 .058 
o .0565 
0 .of% 
0.065 * 
0.074 
0 . a 4  32-70 
0.111 
0.096 
0.128 * 
o .152 
0.178 
0.212 
0 .256 
0 4 1 4  
0.386 
Failed 
0.500 
Specimen B-10 
Alternating  Crack A log I x ,,6 
Stress, KSI Cycles Length, In. A N 
0.040 
0 -075 
0.075 
0.075 
0.091 * 
0.109 
0.128 42.16 
0.152 
0 A78 
0.218 * 
0.265 
0.326 
0.400 
0.524 
Failed 
Specimen L-1 
Alternating  Crack A log I 
Stress, KSI C y c l e s  Length,In. A N * 
lOl800 
14,400 
12,600 
18,000 
19,800 
21,600 
22 ,ooo 
16,200 
0.044 
0.082 
0.082 
0.082 
0.094 
0.131 * 
0.164 50.35 
0 -199 
0.245 * 
0.306 
0 - 389 
0.512 
Failed 
I Specimen E-l2 
I Alternating  Crack A log I ~ ,6 Stress. KSI C y c l e .  Lcngth, In. A A 
0.063, 
0.066 
0.074 
0.079 
0.089 
0.oseCC 
0.136 
0.116 
0.16~ 
0.205 
0.281 
0.408 
Failed 
2.318 
4.19 
Average  3.264 
Specimen C-1 
Alternating  Crack "1;" L x ,,6 
Stress, KSI Cyclee Length, In. 
0 0.045 
5,00@ 0.061 
0 0.061 
1,800 0.061 
7,200  0.066
3,000 0.062, 
14,400  0.076  8.580
10,800 o.on 
18,000 0.081 
21.600 0.088 
25;200  0.C95 
28,800 0.102, 
32,400 0 . ~ 2  
36,000 0.124* 
39,600 0.140  14.99 
46,800 0.1W 
43,200  0.160 
54,600 0.249 
50,400  0.211 
57,600 0.301 
64 800 0.458  Average 11.78 
68:000 Failed 
Specimen B-1 
61,200  0.365 
I Alternsting Stress, KSI Cycles Length,In. Crack AAl;g I x ,6 
0.040 
0.051 
0.051 
0.051 
0.053 
0.061 
0.066 
0.072, 
0.082 
0.M 
0.114 
0.lOg 
0.128 
0.151 
0.1w 
0.220 
0.357 
0.276 
Failed 
0.500 
8.616 
10.60 
Average 9.608 
Alternating  Crack A lo I 
Stress, KSI Cyclce Length,In. -hRp x lo6 
90 0 0.040 
1,000 0.051 
8 0 0.051 
0.051 
0.055 
0.0641 
0.084 
0.072 
0.111 
0.~96 
0.132, 
0.160 
0.202 
0.271 
0.394 
0.502 
P Cycles inaccurate  becauee of 
starts and  stops 
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TABLE XVII - Continued 
RATE OF CRACK PROGRESSION FOR T i  - 8 A l  - 1 140 - 1 V ALLOY SHEET 
TESTED AT 40 KSI 14f2:AN STRESS AND VARIOUS ALTEWA!J?ING STRESSES 
STARTTNG CRACK m G T H  0.042" NOMINAL 
. .  
I Specimen H - l l  
Alternating  Crack A log L x 
Stress, KSI Cycles Length,In. A N 
30 0 0.0455 
12 0 0.049 
7,200 0.049 
9,000 0.051 
1, OooS 0.049 
14,400 0.055 
10,800 0.051 
18,000 0.059 
21,600 0.061 * 
25,200  0.066 7.635 
32,400  .076 
39,600 0.081 
46,800 0.095 * 
54,000  .115 
61,200 0.138 * 
11.26 
68,400  .177 
82,800  .339 
94,000  Failed 
75,600 0.238 
90,000 0.517 
Average 
9.447 
Specimen  B-12 
Alternating 
Stress, KSI Cycles Length,In. A N 
Crack A log L x 
35 o 0.046 
2,00@ 0.056 
15 o 0.056 
7,200  .062 
5,400 0.056 
9,000 0.069 
12,600 0.082 
10,800  0.076 
14,400 0.089 * 
16,200  .099 
18,000  0.109  23. 4
21,600 0.133 
23,400 0.145 
27,000 0.181 
28,800 0.209 
32,400 0.275 
34,200 0.309 
36,000 0.365 
37,800 0.424 
41,000  Failed 
19,800  .120 
25,200 0.161 * 
30,600  .240 
39,600 0.516 
Specimen J-8 
Stress, KSI Cycles Length,In. A N 
Alternating  Crack A log L x ,,6 
35 0 0.040 
1,0008 0.053 
12 A o  
10,800 
12 , 600 
16,200 
18,000 
21,600 
25,200 
28,800 
36,000 
39,600 
14,400 
32,400 
43,200 
46,800 
54,000 
68,400 
61,200 
70, ooo 
0.053 
0.056 
0.060 
0.063 
0.076 
0.066 
0.053 
0.084 * 
0.094  14.32 
0.106 
0.118 
0.135 * 
0.159 
0.182 
0.364 
0.251 
0.582 
Failed 
Specimen M-3 
Stress, KSI Cycles Length,In. A N 
Alternating  Crack A log L x ,6 
35 0 0.044 
1,00@ 0.048 
18 0 0.048 
1,800  .048 
3,600 0.050 
5,400 0 -053 
7,200 0 -059 
9,000 0.069 
10,800 0 -078 * 
12,600 0 .090 
14,400 0 .lo5 36.45 
18,000 0 -142 
21,600 0.198 
23,400 0.236 
27,000 0.345 
16,200 0.122 
19,800 0 .16@ 
25,200 0.288 
28,800 0 .426 
30,600 0 .562 
31,000  Failed 
Ci cycles  inaccurate  because of
starts  and  stops 
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TABLE XVIII 
RA!CE OF CRACK  PROGRESSION FOR 'E - 8 Al - 1 Mo - 1 V ALLOY SHEET 
TESTED AT 0 MEAN S W S S  AND VARIOUS AL'IXRNATRiG STRESSES 
STAR!CING CRACK LENG'ISI 0.095" NOMINAL 
Specimen L-5 
Alternating 
Stress, KSI Cycles Length,In. A N 
Crack A log L x ,6 
40 
1 3 , O d  
0 
30 0 
9,000 
7,200 
10,800 
12,600 
16,200 
19,800 
21,600 
25,200 
27, ooo 
30,600 
34,000 
14,400 
18,000 
23,400 
28,800 
0 097 
0.122 
0.122 
0.131* 
0.122 
0.144 
0.160 23.33 
0.178 
0.234, 
0.194 
0.218 
0.270 
0.303 
0.344 
0.392 
0.450 
0.526 
Failed 
Specimen N-13 
Alternating  Crack A log .t x ,6 
Stress, KSI Cycles Length,In. b N 
45 0 
31 0 
7, OO@ 
12,600 
16,200 
18,000 
19,800 
21,600 
25,200 
27,000 
28,800 
32,400 
30,600 
34,200 
37,800 
41,400 
42,000 
14,400 
23,400 
36,000 
39,600 
0.087 
0.121 
0.121 
0.121 
0.128 
0.137 
0.150 
0.162  20.14 
0 .In 
0.191 
0.207 
0.228 
0.250 
0.281 
0.314 
0.351 
0.399 
0.454 
0-  525 
0.631 
Failed 
Specimen D-5 
Alternating 
Streas, KSI Cycles Length,In. A N , 
Crack A log it x 106 
40 0 
33 0 
.. 2,oooQ 
;&: 
5,400 
7,200 
9,000 
10,800 
12,600 
14,400 
16,200 
18,000 
19,800 
21,000 
Specimen C-9 
Alternating  Crack A log I x ,6 
Stress, KSI Cycles Length,In. A N 
45 0 
33 0 
a, oo@ 
21,600 
23,400 
25,200 
27,000 
28,800 
30,600 
32,400 
35,000 
0.1145 
0.131 
0.131 
0.131 
0.1w 
0.192  59 46 
0.241 
0. 31w 
0.389 
0. g o  
Failed 
0 Cycles  inaccurate  because of starts  and  stops 
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TABLE XVIII - Continued 
RATE OF CRACK PROGRESSION FOR T i  - 8 A 1  - 1 MO - 1 V ALLOY SHEET 
TESTED AT 0 MEAN S!CRESS AND VARIOUS LTERNA!tTNG SICRESSES 
STARTING CRACK LENG!Ei 0.095” NOMINAL 
I Specimen L-4 
Alternating  Crack A log I x ,6 
Stress, KSI: Cycles Length,In. A N 
45 0 
T 
0.092 
16,00@ 0.116 
36 0 0.116 
10,8oo 0.116 
12,600 0.130 
14,400 0.153 
16,200 0.164 
18 , 000 0.173 
19,800 0.201 
21,600 0.229 32.02 
25,200 0.296 
23,400 0.256 
27,000 0.334* 
28,800 0.390 
30,600 0.458 
32,400 0.553 
34,000 Failed 
Specimen “8 
Alternating  Crack A log I x ,6 
Stress, KSI Cycles Length,In. A N 
60 0 0.108 
30 0 0.128 No Growth 
360,000 0.128 
33 0 0.128 
1,548,000 0.128 
2,000(8 0.128 
Broke In Grip 
 Specimen E-4 
Alternating 
Stress, KSI Cycles 
60 0 
38 
2,000 
18,000 
19,800 
25,200 
27,000 
28, 800 
30,600 
32,400 
.34,200 
36,000 
37,800 
38,000 
0 
21,600 
23 , 400 
0.087 
0.098 
0.098 
0.098 
0 * 101 
0.125 
0-15Y 
0.171 
0.196 34.04 
0.228 
0.269 
0.295 
0 -  375 
0.456 
Failed 
0.576 
Specimen  K-10 
Alternating  Crack A log I x ,,6 
Stress, KSI Cycles Length,In. A N 
50 0 0.110 
34 0 0.119 
256,000 0.119 
38 0 0.119 
1,00@ 0.119 No Growth 
200,000 0.119 
Specimen F-13 
Alternating  Crack A log I x ,6 
Stress, KSI Cycles Length,In. A N 
60 0 
33 0 
1,000 
1, 800 
3,600 
51 400 
7, 200 
9,000 
10,800 
12,600 
16,200 
14,400 
17,000 
0.094 
0.104 
0.104 
0.104 
0.108 
0.12& 
0.156 52.68 
0.326 
0.566 
0.195* 
0.255 
0.417 
Failed 
Specimen B-4 
Alternating 
Stress, KSI Cycles Length,In. A N 
Crack b log I x 106 
80 0 0.096 
1,000 0.112 
33 0 0.112 No Growth 
225,000 0.112 
38 0 0.112 
17,000 0.112 
Broke  in  Grip 
B Cycles  inaccurate  because of starts  and stops 
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TABLE XIX 
RAT3 OF CRACK PRffiRESSION FOR !Ti - 8 A 1  - 1 Mo - 1 V ALLOY SREET 
TESTED AT 20 KSI MEAN SlplESS AND VARIOUS ALTERNATING STRESSES 
STARTING CRACK L R i G W  0.095" NOMINAL 
." 
Specimen A - 4  
Al te rna t ing   Cr ck  A X  x ,6 
S t r e s s  KSI Cvcles  Lenuth.In. A N 
"
35 
16 
3,ooOe 0.105 
o 0.105 
25,200 0.110 
23,400 0.105 
28,800 0.128 
30,600 0.141 
- _  
0 0.095 
27,000 0.llb 
32;400 0.152 21.22 
34,200 0.164 
36,000 0.182 
39,600 0.223 
lr1,hOO 0.249 
37,800 0.20W 
43,200 0.280 
46:800 0.360 
45 000 0.313 
481600 0.415 
50; 400 0.486 
52,200 0.585 
53,000 F a i l e d  
" " ~ -  - .  - - . . -  " _  
Specimen L-3 
S t r e s s  KSI Cyc le s   Lewth , In .  A N 
Alterna t ing   Crack  A l o g  I x ,6 
-~
35 0 . 0.094 
5.00d8 0.1l.l 
24 
1,800 0.113 
0 0.111 
3,600 0.125 
5,400 0.114* 
7,200 0.169 41.42 
.I 
9,000 0.201 
12,600 0.292 
16,200 0.446 
10,800 0.241* 
14,400 0.363 
18,000 0.590 
lg,OOO F a i l e d  
Specimen H-5 
Al te rna t ing   Crack  A log  L x ,,6 
S t r e s s  KSI Cycles  Len@h,In.  A N -
45 0 0.0995 
1.50@ 0.114 
24 
I _  
0 0.114 
5,400 0.114 
7,200 0.122 
9,000 0.134* 
10 800 0.158 42.75 
14.400 0.228x 
12:600 0.187 
16;200 0.275 
18,000 0.337 
19.800 0.425 
2i;600 0.576 
22,000 F a i l e d  
Specimen K-7 
U t e r n a t i n g  
stress KSI Cycles  Length,In.  h N 
Crack h log x ,6 
50 
1,00@ 0.109 
0 0.094 
24 o 0.109 
-~
18,000 0.109 
19,800 0.123x 
21,600 0.142 35.44 
23.400 0.16Y 
27,000 
32,400 
30,600 
34,200 
35,000 
25;200 
28,800 
0.196 
0.235 
0.331* 
0.410 
0.520 
F a i l e d  
0.278 
42.00 
Average 38.72 
0 c y c l e s  i n a c c u r a t e  
Specimen 1-5 
Al te rna t ing   Crack  & l o g  1 x 106 
S t r e s s  KSI Cycles Length,In. A N 
0.091 
0.124 
0.124 
0.125 
0.130 
0.158 
0 .14P 
0.179 27.60 
0.199 
0.259 
0.22e 
16;200 0.300 
21,600 0.1~96 
23,400 0.637 
18,000 0.351 
19,800 0.413 
24,000 F a i l e d  
Specimen L-8 
Al te rna t ing  
S t r e s s  KSI C y c l e s  Length,In. A N 
Crack A l o g  L x ,6 
45 0 0.094 
l.0Od" 0.172 
20 0 
7,200 
10,800 
9,000 
12,600 
14.400 
16;200 
18,000 
21,600 
19,800 
23,400 
27,000 
25,200 
29,000 E 
0.132 
0.132 
0.135 
0.143+ 
0.160 29.97 
0.179 
0.206x 
0.235 
0.273 35.97 
0.319 
0.374* 
0.445 
0.544 
? a i l e d  Average 32.97 
Specimen C-4 
A l t e rna t ing  
S t r e s s  KSI C y c l e s  Length,In. A N 
Crack A x  x ,,6 
'L5 0 0.095 
2.00oB 0.135 
12;OOO F a i l e d  
Specimen E-12 
S t r e s s  KSI Cycles Length,In. A N 
Alterna t ing   Crack  h l o g  L x ,6 
50 0 0.105 
28 
l,OO@ 
0 
1,800 
3,600 
5,400 
7,200 
11,000 
9,000 
0.121 
0.121 
0.141 
0 .17b  
0.240 
0 . 3 1 3  
F a i l e d  
0.448 
67.70 
:ause of starts and s t o p s  
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TABLE XX 
FWD3 OF CRACK PROG!BSSION FOR T i  - 8 Al - 1 Mo - 1 V ALLOY SHEET 
TESTED AT b KSI MEAN S'IRESS AND VARIOUS AI,!llZRNA!CING SlFU3SSES 
STARTING CRACK LEXGTE 0.095" NOMINAL 
Specimen E-13 
Alternating 
Stress, KSI Cycles 
8 0 
21, €00 
23,400 
30,600 
37,800 
-
27, 000 
34,200 
43,200 
4 OOo 
1,800 
5,400 
9,000 
12,600 
1,800 
5,400 
12,600 
16,200 
19,800 
10 0 
12 0 
9,000 
23,400 
24,000 
Length,-. A N x lo6 
Crack A log I 
0.095 
0.095 
0.09 
0.108 
0.10y 
O . l l 2  4.095 
0.116 
0.12w 
0.124 
0.128 
0.124 
0.148 9.857 
0 137 
0.161% 
0.162~ 
0.209 21.01 
0.29% 
0.365 
0.459 
0 633 
0 - 179 
0.240 
Failed 
Specimen B-5 
Stress, KSI Cycles  Length,In. A N 
Alternating Crack A log I x ,6 
12  0 
9, 000 
7, 200 
10,800 
12,600 
14.400 
8 
16;000 
0 
1, 
3,600 
5,400 
7,200 
9,000 
10,800 
12,600 
16,200 
18,000 
10 
1,800 
0 
5,400 
12,600 
16,200 
23,400 
30, 600 
34,200 
14,400 
9,000 
19,800 
27,000 
37,000 
0.086 
0.088 
0.094 
0.103 
0.112 
0.12P 
0.128 
0.128u 
0.131 
0.134 
0.137 
0.144 
0.140 
0.147 
0.154* 
0.150 
0.161 
0.165 
0.165 
0.171 
0.187 
0.209, 
0.234 
0.264 
0.300 
0 - 339, 
0.391 
0.466 
Failed 
0.558 
21.09 
5.577 
14-59 
Specimen K-8 
Alternating Crack A log 1 x ,6 
Stres6, KSI Cycles Length,In. A N 
0.094 
0.094 
0.096 
O.oSS5 
0.1m 
0.108 
0.115  4.243 
0.113 
0.122 
0.136+ 
0.136 
0.152 
0.162  17.71 
0.171 
0.179, 
0.179 
0.182 
0.201 
0.219, 
0.244  14.24
0.274 
0.353 
0.331* 
0.570 
0.403 
Failed 
0-  574 
0.139, 
Specimen F-7 
Stress, KSI Cycles Length+. 
Alternating Crack AAl;g I x ,6 
12 0 
3, 
5,400 
8,000 
7,200 
3,600 
5,400 
10,800 
12,600 
10 0 
1,800 
71 200 
9,000 
13,000 
8 0 
1,800 
5,400 
16,200 
12,600 
23,400 
27, ooo 
30,600 
34,200 
37,800 
63,000 
81, 000 
9,000 
19,800 
45,000 
86,000 
0.098 
O.Og% 
0.103 
0.1w 
0.110 
0.110 
0.113 
0.120 
0.125 
0.115* 
0.130 
0.13% 
0.140 
0.140 
0.142 
0.148 
0.135 
0.152 
0.157 
0.164* 
0.174 
0.182 
0.192 
0.200 
0.210 
0.222 
0.247 
0.346 
Failed 
0.553 
11.72 
8.798 
6.176 
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TABLE XX - Continued 
RATE  OF  CRACK  PROGRESSION FOR T i  - 8 A 1  - 1 Mo - 1 V U Y  S F T  
TESTED AT 40 KSI MEAN S'IRFSS AND VARIOUS ALTERNATING S'IRESSES 
STARTING CRACK LENGTH 0.095'' NOMINAL 
Alternating Crack 
Stress, KSI Cycles  Length,In. 
15 0 
6 0 
10, oooe 
io, 800 
12,600 
18, OOO 
36,000 
54,000 
72,000 
90, 000 
108,000 
126,000 
162,000 
198,000 
216,000 
252,000 
276, ooo 
27,000 
144,000 
180,000 
234,000 
270,000 
0.089 
0.106 
0.106 
0.106 
0.106 
O . l l 3  
O.ll& 
0.121 1.922 
0.134 
0.144* 
0.144 
0.150 
0 . 1 6 ~ 3  
0.205 
0 .263  
0.306 
0.611 
0.184 
0.228 
2 * 974 
0.365 
0.451 
Failed Average  2.448 
Specimen C-5 
.- ~ 
Alternating Crack b log 1 x ,6 
Stress, KSI Cycles  Length,In. A N 
0.092 
0.111 
0.111 
0.1ll 
0.114 
0.119 
0.124 
0.131 
0.133 
0.137* 
0.144 
0.149 
0.156  5.254 
0.169 
0.206 
0.232 
0.261 
0.322 
0.600 
0.187 
0.195* 
0.417, 
Failed 
Specimen C - 1 1  
Alternating Crack 
Stress,', KSI Cycles Length,In. 
15  
8,Od. 
8 0 
'0.095 . ' 
0.114 
0.114 
0.114 
0.115 
0.117 .. 
0.11% 
0.122 
0.124 
0.127 
0.131 
0.134 3 - 6 6  
0.139 
0.144 
0.147 
0.155* 
0.151 
0.165 
0.170 
0 - 175 
0.190 
0.249 
0.212 
0.298 
0.157 
0 - 372 
0.498 
Failed 
Specimen N-6 
Alternating 
Stress, KSI Cycles  Length,In. x lo 
Crack A l o  6 
20 0 
4,00@ 
0 
7,200 
10,800 
9,000 
12,600 
21,600 
25,200 
14,400 
18,000 
28,800 
36,000 
32,400 
43,200 
50,400 
57,600 
82,800 
88,000 
72, OOO 
0 * 0995 
0.121 
0.121 
0.121 
0.124 
0.13& 
0.141 
0.145 
0.129 
0.156 ' 
0.165  6.424 
0.174 
0.184. 
0.194 
0.243 
0 - 279 
0.386 
0.530 
Failed 
0.217* ., 
B Cycles inaccurate because of starts and stops 
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TABLE XX - Continued 
WE OF CRACK PRDGRESSION FCR TI - 8 Al - 1 Mo - 1 V AISXIY SHEET 
TESTED AT 40 KSI MEAT? SIlxESS AND VARIOUS ALTEBNATJX SlRESsES 
STAR- CRACK LENGTK 0.095'' NOMINAL 
Specimen c-8 
Alternating  Crack A log d x ,6 
Stress, KsI Cycles Le&h,In. A N 
20 0 0.091 
3 , O d  0.102 
10 0 0.102 
3,600 0.102 
7,200 0.108 
5,400 0.105* 
10,800 0.117 
14,400 0.124  8.276 
18,000 0.132 
21,600 0.141 
25,200 0.152 
28,800 0.164* 
39,600 0.215 
46,800 0.267 
32,400  0.178 
36,000 0.193 
43,200 0.241 
50,400 0.303 
54,000 0.344 
57,600  0.402 
64,800 0.570 
67,000 Failed 
Specimen 5-7 
61,200 0.400 
Alternating  Crack A log d x 106 
Stress, KSI Cycles Length,In. A N -
30 0 
8 0 
1, o d  
0.099 
0.117 
0.117 
0.117 
0.123 
0.127 
0.131 
0.161 
0.178 
0.191* 
0.215 
0.253 
0.310 
0.397 
0.537 
Failed 
Specimen E-13 
Alternating  Crack A log 1 x ,6 
Stress. KSY Cvclea A N 
30 0 O=Og95 
2 , d  0.121 
21,600 0.121 
25,200 0.125 
8 0 0.121 
28,800 0.129 
32,400 0.141 
36,000 0.148 
43,200  0.168 
46,800 0.176 
50,400  0.186  6.287 
54,000  0.197 
61,200 0.216 
64,800 0.229, 
68,400 0.243 
86,400 0.348 
75 , 600 0.279 
97,200 0.467 
107,000 Failed 
39,600 0.159, 
Specimen P-l 
Alternating  Crack A  OR d x ,6 
Stress, KSI Cycles Length,In. A N 
30 0 
1, 000@ 
0.095 
0.115 
0.115 
0.115 
0.11w 
0.126 
0.134 
0.143 16.05 
0.164 
0.174 
0.188+ 
0.202 
0.218 
0.235 
0.251 
0.277 
0.301 
0.336 
0.414 
0.369 
0.461 
0.153 
0.526 
0.620 
Failed 
B Cycles  inaccurate  because of s t a r t s  and stops 
i t R B I  
KSI' - 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
20 
20 
20 
20 
23 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
x) 
20 
20 
20 
20 
x) 
23 
20 
20 
20 - 
Alternsting 
30 
30 
32 
33 
33 
33 
33 
34 
34 
34 
34 
34 
34 
35 
35 
36 
36 
36 
36 
36 
36 
35 
35 
38 
?a 
39 
40 
110 
40 
20  
x) 20
22 
23 
23 
24 
24 
24 
24 
24 
24 
24 
24 
26 
26 
26 
26 
28 
30 
30 
30 
30 
33 
33 
33 
L-5 
A - 8  
H-7 
D-5 
E-6 
"4 
F-13 
c 9  
c-4 
C-14 
D-14 
1-7 
0-13 
11-7 
J-l 
0-12 
L-4 
A-1 
11-7 
E-14 
11-2 
1-13 
E-5 
E-10 
K-4 
D-11 
11-10 
8-9 
H-3 
A-11  
1-5 
A-3 
D-10 
1-8 
G-5 
B-7 
C-6 
11-4 
8-3 
L-3 
"9 
B-10 
E-5 
G-3 
J-12 
0-10 
c-7 
1-13 
R-2 
c-4 
I-1 
F-123 
F-10 
A-5 
A-14 
K-3 
K-11D 
P-2 
E-2 
23.33 
'15.56 
30.27 
47.99 
47.07 
52.68 
53.79 
59.46 
26.27 
21.71 
30.81 
36.62 
50.93 
75.80 
47.23 
52.45 
3'2.02 
33.09 
33.07 
51.56 
55.72 
67.12 
30.52 
85.42 
61.33 
e9.78 
52.35 
51.10 
112.29 
51.15 
77.60 
-9.53 
32.97 
36.34 
43.38 
16.56 
33.26 
28.64 
32.70 
40.15 
41.42 
42.16 
42.75 
42.76 
44.07 
48.39 
29.g 
51.52 
54.82 
57.w 
50.35 
61.65 
64.20 
65.63 
6'3.03 
66.37 
70.37 
78.03 
104.30 ___ 
0.122 
0.035 
0.047 
0.103 
0.C89 
0.104 
0.095 
0.131 
0.042 
0.044 
0.042 
0.93 
0.102 
0.036 
0.045 
0.061 
0.092 
0.095 
0.049 
0.044 
0.043 
0.100 
0.048 
0.042 
0.095 
0 .w 
0.037 
0.042 
0.046 
0.095 
0 . W  
0.043 
0.041 
0.094 
0.057 
0.043 
0 . U O  
0 . 4 5  
0.114 
0.106 
0.095 
0.041 
0.135 
0.044 
0.043 
0.66 0.1m 
O.Oh5 
?4.46 18.96 
?3.14 29.14 
IO. 52 8.65 
35.97 
39:56 
38.18 
40.15 
- 
46.36 - 
8 . 9 7  
42.97 
29.91 
- 
26.9: 
19.0s 
20.15 
39.1; 
x1-K~ 
IF. 
-
__ 
0.W 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.w 
0.24 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.17 
0.29 
0.00 
0.25 
0.00 
0.00 
0.00 
0.00 
0.35 
0.35 
0.00 
0.00 
0.00 
0.18 
0.00 
0.00 
0.W 
0.38 
0.67 
0.00 
0.00 
0.00 
0.00 
0.17 
0.03 
0.21 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.m 
0.w 
0.m __ 
81 
- 
stead. 
El 
110 
40 
40 
40 
40 
40 
40 
40 
40 
110 
LO 
40 
40 
40  
LO 
40 
$0 
LO 
LO 
4u 
40 
40 
40 
40 
4u 
40 
40  
40 
40 
Lo 
k 0  
40 
4 0  
40 
4 0  
40 
iro 
LO 
bO 
Lo 
40 
40 
40 
40 
4 0  
*O 
s t m  
- 
- 
6 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
11 
11 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
13 
13 
l b  
lL 
16 
18 
18 
H-12 
c-11 
D-Y 
3-13 
K-8 
c-5 
,1-7 
B-5 
0-6 
B-2 
f-7 
11-6 
H-13 
14-3 
C-8 
c-3 
L-12 
K-3 
8-5 
B-11 
J-2 
H-11 
c-i 
f-7 
C-1 
K-8 
C-28 
J 4  
P-1 
K - P  
11-2 
A -6 
E-13 
8-5 
T 
I 
I 
I 
! 
I 
- 
2.45 
3.26 
3.72 
4.10 
4.24 
5.25 
5.41 
5.58 
5.69 
5.83 
6.18 
6.29 
6.42 
7.27 
8.28 
8.M 
9.54 
9.61 
0.86 
11.00 
12.65 
14.24 
1b.59 
12.75 
16.04 
3.66 
10.24 
Y.45 
11.12 
11.78 
14.32 
llr.2L 
15.62 
16.05 
17.18 
18.05 
19.92 
21.01 
21.r4 
18.63 
19.69 
22.42 
26.13 
33.74 
32.58 
36.$5 
0.099 
0.055 
0.114 
0.051 
0.103 
0.100 
0.111 
0.117 
0.128 
0.090 
0.102 
0.138 
0.121 
0.121 
0.050 
0.091 
0.110 
0.093 
0.051 
0.125 
0.10'2 
0.093 
0.lW 
0.165 
O.Ok1 
0.012 
0.049 
0.041 
0.093 
G.061 
0.139 
0.091 
0.053 
0.W5 
0.014 
0.046 
0.104 
0.162 
0.056 
u.ou 
0.040 
o.uie 
0.096 
0.043 
0.h) 
0.44 
2.9i 
4.1: 
8.6i 
10.6C 
12.75 
11.26 
14.09 
lP.32 
18.71 
21.73 
32.58 
- 
T 
1.92 
2.32 
5 .a6 
8.62 
4.75 
1.64 
8.58 
2.93 
6.07 
0.53 
7.05 
- 
- 
0.k3 
0.58 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.39 
0.00 
0.00 
0.00 
0.21 
o m  
3.t0 
3 .00  
3 .00  
3 . 0 0  
3 . 0 1  
1.37 
3 .  ci, 
3.c0 
3.54 
7.w 
3 . 0 0  
J.OO 
j.00 
>.(IO 
1.00 
1.00 
x c o  
>.oo 
).,,A 
1.00 
J. 33 
J. 34 
1.00 
).w - 
r 
TABLE XXII 
ALTERNATCNG STRESS CORRESPONDING To 10 DELAY-CYCLES 4 
~ 
:rack Length 
I n .  
0.042 
0.095 
T 
f 
Alterna t ing  S t ress  
1 Corresponding To 
?lay-Cycles - Ksi 
Alterna t ing  
0 
50 
0 
0 
50 
20 
20 
20 
40 
50 
40 
40 
0 
0 
0 
20 
50 
20 
20 
50 
40 
40 
40 
50 
60 
45 
30 
40 
30 
55 
45 
35 
30 
35 
30 
20 
60 
30 
45 
40 
30 
45 
50 
35 
30 
30 
20 
15 
0 
0 
0 
0 
20 
20 
20 
20 
40 
40 
40 
40 
0 
0 
0 
0 
20 
20 
20 
20 
40 
40 
h0 
h0 
42.0 
37.0 
34.5 
32.4 
30.3 
26.7 
21.2 
17.8 
12.7 
14.0 
11.2 
7.2 
39.3 
36.2 
35.3 
29.3 
29.6 
20.8 
24.6 
17.4 
11.7 
10.0 
6.1 
7.4 
